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The proteins of the Escherichia coli divisome are essential for bacterial viability, and have 
attracted increasing interest as potential targets for new antibiotics. Despite this, very little is 
known about the structure and function of the FtsBLQ divisomal complex, due to the 
complexities of studying integral membrane proteins. The development of the use of styrene-
maleic acid (SMA) as a solubilisation technique over the past decade offers an alternative 
strategy for the solubilisation of the complex. SMA solubilises proteins with intact 
transmembrane regions and the surrounding native lipid environment.  
This thesis aimed to establish whether SMA is an effective method for the solubilisation of the 
FtsBLQ complex. Using SMA, the individual proteins of the FtsBLQ complex were solubilised 
successfully and characterised by a range of methods. Additionally, the FtsB/FtsL subcomplex 
was co-expressed and purified, and a model of the association of these proteins was 
supported with biophysical studies. These results demonstrate that SMA supports the 
solubilisation of divisomal proteins in the native lipid environment and maintains protein-
protein interactions. The application of analytical ultracentrifugation to SMA-solubilised 
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The focus of this thesis is the FtsB/FtsL/FtsQ sub-complex of the Escherichia coli divisome. To 
better understand how this complex fits into the broader context of cell division, this 
introduction will first discuss the E. coli cell cycle and its control, and the divisome as a whole. 
This introduction will then cover the FtsBLQ proteins in detail, and finally, discuss how novel 
solubilisation methods may be used to assist the study of the FtsBLQ complex and membrane 
proteins in general. 
1.1 Escherichia coli Cell Cycle  
Unlike in eukaryotes, where the cell cycle can be separated into discrete stages, the process 
of binary fission in E. coli involves many overlapping processes (figure 1.1).  
Start
Figure 1.1. The E. coli cell cycle. The cell cycle is divided into three stages: B, C and D. The 
B period is a gap phase between division and replication, where no major events take 








Therefore, to describe the stages of the cell cycle in bacteria, there are three periods: B period, 
the gap phase between cell division and DNA replication; C period, the period of replication 
of the chromosome; and D period, where division into two daughter cells takes place (Cooper 
and Helmstetter, 1968).  Fast-growing bacteria with a replication time of fewer than 60 
minutes skip the B period, and the next round of DNA replication begins before division is fully 
completed (Michelsen, 2003). 
During these periods, four main processes must be carried out; cell growth, DNA replication, 
DNA segregation and cell division, as discussed in the next sections.  
 
 
1.1.1 Cell Growth 
Before division can take place, the cylindrical part of the cell must first be elongated to ensure 
that cell length remains consistent throughout each round of division. Elongation requires the 
addition of new material to the peptidoglycan sacculus, a layer of peptide cross-linked glycan 
chains forming a mesh-like structure between the inner and outer membrane which maintains 
cell shape (reviewed by Vollmer, Blanot and De Pedro, 2008).  
The existing links between peptidoglycan chains must first be hydrolysed to allow room for 
the insertion of new peptidoglycan. Per division, E. coli can turn over 40-50% of its existing 
peptidoglycan (Kraft et al., 1999). E. coli has at least 12 periplasmic peptidoglycan hydrolases, 
however, the structure of the resultant products of hydrolysis implies that lytic 
transglycosylases, endopeptidases and amidases are involved (Vollmer et al., 2008).  
Once these cross-links have been hydrolysed, newly synthesised peptidoglycan can be 






extensively reviewed by publications such as Typas et al. (2012) and will only be outlined here 
in brief (see figure 1.2). Peptidoglycan biosynthesis begins in the cytoplasm, where D-fructose-
6-phosphate is converted to UDP-GlcNAc by four successive reactions catalysed by three 
enzymes; GlmS, GlmM and GlmU (Rodríguez-Díaz, Rubio-Del-Campo and Yebra, 2012). MurA 
and MurB then catalyse its conversion to UDP-MurNAc, and amino acid ligases MurC, MurD, 
MurE, MurF catalyse the addition of the pentapeptide sidechain (El Zoeiby, Sanschagrin and 
Levesque, 2003). MraY then catalyses the transfer of the UDP-MurNAc-pentapeptide to the 
membrane lipid undecaprenyl phosphate (C55-P), also known as bactoprenol, to form lipid I. 
The GlcNAc moiety from the previously synthesised UDP-GlcNAc is then transferred to lipid I 
by MurG to form the peptidoglycan precursor Lipid II (Bouhss et al., 2008).  
Lipid II must then be transported across the periplasmic membrane to be polymerised into 
peptidoglycan. The identity of the Lipid II flippase has been highly debated. Using a 
bioinformatics approach, Ruiz (2008) identified the membrane-anchored MurJ as a potential 
flippase, demonstrating its essentiality in E. coli and that its depletion inhibited peptidoglycan 
biosynthesis. However, this was challenged by studies from Mohammadi et al. (2011), which 
instead identified FtsW as the flippase. Using a FRET-based assay, they demonstrated that 
FtsW in proteoliposomes was able to translocate Lipid II from the inner to the outer leaflet. 
Further light was shed on this by the development of an in vivo flippase activity assay, which 
found that while MurJ was able to flip Lipid II in vivo and that this activity was essential for cell 
survival, FtsW depleted strains showed no loss of flippase function (Sham et al., 2014). These 






With FtsW no longer a candidate for a role as a flippase, its role in E. coli peptidoglycan 
synthesis was still yet to be elucidated. FtsW belongs to the shape, elongation, division and 
sporulation (SEDS) family of proteins along with RodA, and these SEDS proteins are now 
known to have glycosyltransferase (GTase) activity, polymerising Lipid II monomers in the 
periplasm into glycan strands (Meeske et al., 2016). FtsW and RodA both complex with a class 
B penicillin-binding protein (PBP), which can then be cross-linked through the pentapeptides 
by the PBP’s D,D transpeptidase activity (TPase), integrating the newly synthesised 
peptidoglycan into the sacculus.  The RodA/PBP2 pair is a subcomplex of the Rod system, 
important in the elongation of rod-shaped cells (Rohs et al., 2018), while the FtsW/PBP3 
subcomplex makes up a portion of the divisome, which controls cell division (discussed in 
section 1.2.5). Both GTase and TPase activity can also be carried out by bifunctional class A 
PBPs such as PBP1A, which is integral for cell elongation (Spratt, 1975).  
To direct peptidoglycan assembly to effectively maintain rod-shaped growth, the actin-like 
protein MreB and its associated proteins MreC and MreD are required. It was originally 
believed that MreB formed helical “tracks” that guided peptidoglycan insertion through 
polymerisation treadmilling, however current models suggest that peptidoglycan insertion 
actually drives MreB polymerisation, and MreB filaments instead may act to impose the 








Figure 1.2. Peptidoglycan synthesis in E. coli. Fructose-6-phosphate is converted to UDP-
GlcNAc by GlmS, GlmM and GlmU. MurA and MurB catalyse its conversion to UDP-
MurNAc, and amino acid ligases MurC, MurD, MurE, MurF catalyse the addition of the 
pentapeptide sidechain. MraY catalyses the transfer of the UDP-MurNAc-pentapeptide to 
undecaprenyl phosphate (C55-P) to form lipid I. GlcNAc is transferred to lipid I by MurG to 
form Lipid II, which is then flipped across the periplasmic membrane by a flippase, debated 
to be either MurJ or FtsW. Lipid II monomers are polymerised into glycan strands and 
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1.1.2 DNA replication 
Once the bacterium has reached a particular cell size, called the initiation mass, replication of 
the chromosome can begin (Donachie, 1968). Replication begins at the oriC (ori) region and 
terminates in the ter region, which is also the site of chromosome segregation activities. In 
addition to ori and ter, the chromosome of E. coli is further organised into four macrodomains 
(MDs), Ori and Ter (containing ori and ter, respectively), Left, Right, plus two less-structured 



















Figure 1.3. E. coli chromosome organisation. The chromosome can be divided into four 
macrodomains (Ori, Ter, Right, Left) and two non-structured (NS) regions (right, left). The 
ten Ter sites (A-J), oriC and dif are indicated in their approximate positions. Adapted from 







DNA replication is initiated at ori by DnaA-ATP. Initiation timing is thought to be linked to the 
initiation mass by the growth-dependent accumulation of DnaA-ATP (Hill et al., 2012). DnaA-
ATP binds 9-mer DnaA boxes at ori and opens the DNA helix at an A-T rich 13-mer called the 
DNA unwinding element (DUE), allowing DnaC to deliver DnaB helicase to form a pre-priming 
complex (Bramhill and Kornberg, 1988). The rest of replisome including Pol III polymerase is 
then formed at the replication fork, with one replisome on each strand, and the chromosome 
is replicated in both directions from ori (reviewed by Baker and Bell (1998)). The replisomes 
continue around the chromosome until they meet the terminus region ter roughly opposite 
ori. Within the ter are ten Ter sites (A-J) each bound to the Tus protein.  Tus is bound to these 
Ter sites in a way that means each replication fork passes 5 Ter sites from a permissive 
direction and then meet a non-permissive Ter site stalling replication (Hill, Henson and 
Kuempel, 1987). This holds the first arriving replication fork at the terminus region until the 
other arrives and the final section of the chromosome is replicated. 
 
1.1.3 DNA segregation 
To ensure each daughter cell receives a copy of the chromosome, the newly replicated DNA 
must first be segregated. This process happens concurrently with replication, but the 
mechanisms involved are poorly understood.  
Fluorescence in situ hybridisation (FISH) experiments have shed some light on the events 
during segregation. Firstly, segregation does not occur immediately; most sister loci are seen 
to separate around 7-10 mins after replication (Joshi et al., 2011). However, some loci show 






around 15 mins after replication (Bates and Kleckner, 2005). Additionally, four loci (gln, psd, 
yftT and fecR) in the first third of the right replichore segregate at the same time despite being 
separated by a distance of 0.5 Mb. These loci can be organised into two ‘snap regions’ that 
remain colocalised despite the surrounding DNA being segregated.  
It is thought that precatenates, interwound replicating sister chromosomes, keep loci 
colocalised.  TopoIV, a type II topoisomerase, usually removes these precatenates during 
replication. However, SeqA binds to newly replicated hemimethylated DNA and negatively 
regulates TopoIV until Dam methylation releases SeqA 5-10 mins after replication and allows 
TopoIV to decatenate and separate the sister chromatids (Joshi et al., 2013). There is also a 
ten-fold enrichment of SeqA at gln over non-snap dnaB, and a 25 times enrichment at ori, 
suggesting that increased binding of SeqA keeps these regions colocalised for longer (Joshi et 
al., 2013). Separation of these snap regions is concomitant with the appearance of bilobed 
nuclei and global reorganisation of the chromosome. It has been suggested that as in 
eukaryotic chromosome segregation, the build-up of tension at these regions is important for 
segregation (Joshi et al., 2011). 
During this global reorganisation, the two sister ori loci move into position at ¼ and ¾ of the 
cell length, which will become the midcell of each daughter cell, and the ter loci move to 
midcell (Bates and Kleckner, 2005). The Structural Maintenance of Chromosomes (SMC) 
complex MukBEF has been proposed as being important for ori localisation (Danilova et al., 
2007); however, how these proteins control the positioning of ori is yet to be described.  
There is also still no conclusive model for how the chromosomes are physically reorganised. 






as the cell elongated (Jacob, Brenner and Cuzin, 1963). However, this was later dismissed 
because chromosomes segregate faster than elongation can occur. Other models have 
proposed that segregation may be driven by the entropy of highly confined polymers (Jun and 
Mulder, 2006) or the polar gradient of the Min system (Di Ventura et al., 2014), but none have 
been proven as majority source of segregation, suggesting there is still an as-yet-unknown 
mechanism at work. 
After this global reorganisation, at which around 75% of the chromosome has been replicated, 
the rest of the chromosome segregates concomitantly with replication until only the ter region 
remains colocalised (Bates and Kleckner, 2005). Segregation of the Ter MD is reliant on the 
appearance of the mechanism for the final stage of the cell cycle, cell division.  
 
1.1.4 Cell division 
To complete the cell cycle, the cell must divide at the midpoint into two daughter cells. 
Division is achieved by a complex of proteins called the divisome, which assembles at mid-cell 
to execute cell envelope septation, a process discussed in detail in section 1.2. Divisome 
assembly is precipitated by the formation of the Z-ring, a ring structure of polymerised FtsZ 
monomers. The placement of the FtsZ ring must be tightly controlled to ensure that division 
happens at the midcell and not at the poles. This is achieved by two systems in E. coli: the Min 
system and nucleoid occlusion.  
The Min system is composed of three proteins: MinC, MinD, MinE, all expressed from the 
minicell locus minB (de Boer, Crossley and Rothfield, 1989). MinC is the effector protein of the 






activated by MinD it also destabilises existing interactions between filaments that form 
bundles (Park et al., 2018). Without MinD and MinE, MinC would be found everywhere in the 
cell; it is the oscillation of MinD and MinE which controls the localisation of MinC and 
therefore the position of FtsZ filamentation (figure 1.4a-d). MinD bound to ATP dimerises and 
associates with the cytoplasmic membrane at one end of the cell, forming a cup at one pole 
(Raskin and de Boer, 1999). The polar localisation of MinD has been suggested to be as a result 
of the preference of MinD for anionic phospholipids, which are known to be enriched at cell 
poles (Mileykovskaya and Dowhan, 2000; Szeto et al., 2003). MinE then localises to the rim of 
the cup and causes destabilisation by stimulating the ATPase activity of MinD, which induces 
MinD monomerisation (Hu, Gogol and Lutkenhaus, 2002). The released MinD monomers then 
diffuse through the cytoplasm to form a new cup at the opposite pole; this behaviour is 
thought to be driven by MinD localising to the furthest distance from MinE destabilisation 
(Raskin and de Boer, 1999; Corbin, 2002). MinC is recruited by dimerised MinD-ATP bound to 
the poles (Hu, Saez and Lutkenhaus, 2003); therefore MinC oscillates with MinD, and the time-
averaged concentration of MinC is lowest at the midpoint (Meinhardt and de Boer, 2001), 
allowing FtsZ filamentation to proceed in this region.  
While the Min system is usually sufficient for Z ring placement, the secondary system of 
nucleoid occlusion can be important for ensuring the septum does not form over nucleoids 






(Laloux and Jacobs-Wagner, 2014) 
Figure 1.4. Division site localisation. In the Min system (left) MinC is the effector protein, 
inhibiting assembly of FtsZ into filaments. Localisation of MinC is controlled by the 
oscillation cycle of MinD (blue ovals) and MinE (green circles). MinD forms a cup at one 
pole, until MinE localises to rim of cup and begins to the destabilise the cup (A). MinD 
monomers then diffuse through the cytoplasm to form new cup at opposite pole (B). This 
pattern repeats as an oscillation of Min D and MinE between the poles (C+D). MinC is 
bound to MinD therefore oscillates with MinD, resulting in the time averaged 
concentration of MinC being lowest at the midpoint, permitting FtsZ filamentation to 
proceed in that region. In nuclei occlusion (right) SlmA (red hexagons) binds ZipA and 
causes depolymerisation of FtsZ polymers. SlmA-binding sequences are found throughout 
the chromosome except at Ter (green square). As replication progresses, Ter is reoriented 
to mid-cell while the SlmA bound MDs and Ori (blue circle) move towards ¼ and ¾ length 
positions, leaving the midcell devoid of SlmA and allowing FtsZ polymerisation to proceed. 

















 Nucleoid occlusion is achieved in E. coli by the DNA-associated cell division inhibitor SlmA 
(Bernhardt and de Boer, 2005), which binds ZipA via the conserved C-terminal tail and causes 
depolymerisation of FtsZ polymers by an as yet unknown action (Du and Lutkenhaus, 2014). 
SlmA simultaneously binds DNA whilst bound to ZipA, and SlmA-binding sequences (SBSs) are 
found throughout the E. coli chromosome except at the Ter region (Tonthat et al., 2011). As 
replication progresses, Ter is reoriented to mid-cell while the SlmA bound MDs and Ori move 
towards ¼ and ¾ length positions (figure 1.4e), leaving the midcell devoid of SlmA and allowing 
FtsZ polymerisation to proceed in this region. 
Once formed at mid-cell, the proto-ring then recruits downstream proteins to the midpoint; 
these additional proteins are discussed in more detail in section 1.2. Once divisome assembly 
is complete, membrane invagination paired with peptidoglycan synthesis forms the septum. 
The source of the constriction force for invagination of the membrane has long been debated, 
but current evidence suggests that the force is generated by the transition of FtsZ 
protofilaments from straight to curved, reviewed in detail by Erickson and Osawa (2017). 
Peptidoglycan synthesis and remodelling then allow the membrane to follow the constriction 
of the midpoint, inserting new cell wall until the septum has been closed. Unlike Gram-positive 
bacteria, where a septum is formed and then cleaved to separate the daughter cells, E. coli 
septum cleavage happens concurrently with the insertion of new cell wall, resulting in a V-
shaped constriction at the mid-point (Vollmer et al., 2008). Septum cleavage in E. coli is mainly 
executed by the amidases AmiA, AmiB and AmiC, which cleave the amide bond between the 
pentapeptide side chain and the glycan backbone; their deletion results in 90-100% of cells 






1.2 The Divisome 
As previously discussed, cell division is executed by a complex of proteins called the divisome. 
The divisome is composed of over 30 proteins, 12 of which are essential or conditionally 
essential in the process. Many of these are the filamentous-temperature sensitive or ‘Fts’ 
proteins, named as such due to the filamentous phenotype of temperature-sensitive 
mutations in the genes encoding these proteins. The 12 essential proteins are outlined in 




Figure 1.5. Essential proteins of the E. coli Divisome. 12 proteins have been found to be 
essential or conditionally essential for cell division in E. coli, outlined here with their 























1.2.1 The Proto-ring: FtsZ, FtsA and ZipA 
FtsZ is an ancestral homolog of the eukaryotic tubulin which in the presence of GTP 
polymerises to form dynamic filaments similar to the protofilaments found in microtubules 
(Mukherjee, 1998). These filaments form the Z-ring, a ring structure at midcell which recruits 
downstream proteins and later constricts to drive septum formation and cell separation. The 
persistence of the Z-ring structure is supported by ZapA, a non-essential cytoplasmic protein 
which cross-links FtsZ to stabilise longitudinal bonds (Dajkovic et al., 2010).  
The Z-ring is tethered to the cytoplasmic membrane by two essential proteins, ZipA and the 
actin homologue FtsA. While ZipA and FtsA are redundant in their role as membrane tethers, 
both are necessary for divisome maturation and the completion of cell division (Pichoff, 2002). 
Inactivating both anchors resulted in the disassembly of preformed Z rings and no formation 
of new rings, however, FtsZ was still able to localise to the midpoint, suggesting these anchors 
support the higher-order structuring of FtsZ into stable rings. The localisation of each protein 
to the septum is dependent on FtsZ, and independent of the other (Addinall and Lutkenhaus, 
1996; Liu, Mukherjee and Lutkenhaus, 1999). ZipA is anchored to the membrane by a short 
transmembrane domain, while FtsA associates which the membrane via a conserved 
amphipathic helix (Pichoff and Lutkenhaus, 2005). Both proteins interact with FtsZ by binding 
its C terminal tail; however, mutations of this region affect ZipA and FtsA differently suggesting 
they bind this region differently (Haney et al., 2001).  
The specific role of ZipA and FtsA in cell division other than as anchors is still highly debated. 
It was thought that ZipA could play a role in the bundling of FtsZ filaments (Hale, Rhee and de 






concentrations, ZipA does not promote bundling and may simply act as a passive anchor for 
FtsZ (Krupka et al., 2018). It has also been shown that FtsA and ZipA can interact directly with 
each other, implying that these anchors may also regulate each other’s behaviour (Vega and 
Margolin, 2019). Since mutants of FtsA that cannot self-interact bypass the need for ZipA 
(Pichoff et al., 2012), it has been suggested that FtsA can only recruit downstream proteins 
when it is monomeric and that ZipA acts to keep FtsA unpolymerised in order to promote 
divisome assembly. More is known about the recruitment of downstream proteins by ZipA, 
FtsA and FtsZ. FtsK is the next divisome protein to be recruited to the mid-point, and this 
requires both FtsA and ZipA (Pichoff, 2002). The further recruitment of downstream proteins 
continues in a sequential pathway of dependency, outlined by Buddelmeijer and Beckwith 
(2002), as shown in figure 1.6. 
 
Figure 1.6. Divisome recruitment pathway. FtsZ recruits FtsA and ZipA, which act as 
membrane tethers for the Z ring. FtsZ also recruits the FtsEX complex via FtsE. FtsX and 
ZipA both keep FtsA in a monomeric state (FtsA(m)), that is permissive for recruitment of 
downstream proteins. Divisome proteins are then recruited in a step-wise manner. Solid 
grey arrows indicate upstream dependancy, double headed arrows indicate when 
localisation is codependant, and red arrows indicate regulation of protein states. 













1.2.2 FtsE & FtsX 
The ATP-binding cassette (ABC) transporter-like complex FtsEX is recruited to the septum by 
the proto-ring and is important in downstream recruitment. Recruitment of FtsE and FtsX to 
the septum is co-dependant and has been recently found to be directed by the interaction of 
FtsE with the conserved C-terminal peptide of FtsZ (Du et al., 2019). In FtsEX null mutants the 
early divisome proteins FtsZ, FtsA and ZipA were recruited as normal to the mid-cell, but there 
were no late proteins recruited including FtsK, FtsQ, FtsL, FtsI and FtsN (Schmidt et al., 2004). 
This resulted in filamentation and cell death. Interestingly, this defect was only seen when 
cells are grown in media deficient in NaCl; when the bacteria were grown in 1% NaCl LB they 
were viable, and late divisome proteins were recruited as in the wild type. As FtsEX is only 
conditionally essential, this suggests that it probably does not directly recruit downstream 
proteins but instead stabilises the proto-ring and regulates downstream assembly.  
If FtsEX were to act as an ABC transporter as predicted, it would be assumed that the 
transmembrane regions of FtsX would act as the substrate channel. However, topological 
analysis of FtsX demonstrated that it contains only four transmembrane segments with no 
charged amino acids which would be unlikely to support function as a channel (Arends, 
Kustusch and Weiss, 2009), therefore it is presumed FtsEX does not behave like a typical ABC 
transporter. FtsX has instead been found to be important for interaction with the proto-ring. 
FtsX interacts with FtsA in a fashion that supports FtsA recruitment of downstream proteins, 
as mutations in the region of FtsA that disrupts its interaction with FtsX results in the same 
phenotype as the FtsEX null mutants in NaCl-free media (Du, Pichoff and Lutkenhaus, 2016). 






mutants cannot self-interact (Du, Pichoff and Lutkenhaus, 2016). Therefore, it has been 
suggested that FtsEX modulates FtsA in a similar way to ZipA, by maintaining it in its 
monomeric state and allowing it to recruit downstream proteins. 
The ATPase activity of FtsE is not necessary for this control of recruitment; however, it is 
necessary for the promotion of cell constriction (Arends, Kustusch and Weiss, 2009). FtsEX 
recruits EnvC to the septum via an FtsX periplasmic loop and activates it in an ATPase 
dependent manner (Yang et al., 2011). EnvC can then activate the amidases AmiA and AmiB, 
which hydrolyse the existing cell wall at the septum to allow the separation of daughter cells 
(Uehara et al., 2010). This dual functionality of activating cell constriction and cell wall 




After the formation of the proto-ring, the first downstream protein to be recruited is FtsK. 
FtsK has three domains; the N-terminal domain FtsKN, the only domain essential for cell 
division, a long linker region FtsKL and a C-terminal DNA translocase FtsKC (Draper et al., 1998). 
Little is known about the FtsKN and FtsKL domains. FtsKN acts as a membrane anchor with four 
transmembrane helices and has been identified as the septum-localising portion of FtsK (Yu 
et al., 1998).  Both FtsKN and FtsKL have also been found to recruit downstream divisome 
components FtsZ, FtsQ, FtsL, and FtsI (Grenga et al., 2008; Dubarry, Possoz and Barre, 2010). 
FtsKC is the best-characterised domain of FtsK, especially its role in the resolution of 






replication of the circular chromosome by recombination between the sister chromatids, 
known as sister chromatid exchange (SCE). These dimers must be resolved to ensure that the 
closing septum does not ‘guillotine’ the dimer as it stretches across midcell.  This is achieved 
by XerC and XerD, site-specific tyrosine recombinases that act at the dif site within the Ter 
domain. XerC and XerD bind cooperatively to both dif sites on the chromosome dimer and 
synapse the two sites via protein-protein interactions (Diagne et al., 2014). XerD catalyses the 
first strand exchange to make a Holliday junction, which XerC then resolves, resulting in two 
monomer chromosomes (Grainge, Lesterlin and Sherratt, 2011). FtsKC loads onto short FtsK 
Orientating Polar Sequences (KOPS) which are orientated towards dif, and translocates the 
DNA towards the dif site until it reaches the XerC/XerD/dif complex (Graham et al., 2010). 
FtsKC then activates XerD to generate the Holliday junction (Grainge, Lesterlin and Sherratt, 
2011).  
Because FtsK is localised to the septum, DNA translocation by FtsKC brings dif sites in close 
proximity at the midcell, allowing the proper formation of the XerC/XerD synapse, and ensures 
that dimer resolution results in sister chromosomes being segregated to either side of the 
septum. Interestingly, while only 15% of cells have chromosome dimers, FtsKC segregation 
activity has been shown in nearly all dividing cells, suggesting that the role of FtsK in ter 
segregation may extend further than just dimeric chromosomes (Stouf, Meile and Cornet, 
2013).  
The role of FtsK in both cell division and chromosome segregation led to the postulation that 
FtsK may act as a checkpoint connecting the clearing of chromosomes from the septum to the 







Figure 1.7. FtsK Dimer Resolution. Dimeric sister chromosomes are stretched across 
midcell, and septum closure without separation of the dimer would result in guillotining of 
the chromosome. FtsK binds to KOPS sequences on the chromosome and translocates 
(direction shown by red arrows) towards the dif sites located in the ter region. Inset: This 
translocation brings XerC/XerD complexes bound to each dif site in close contact, allowing 
synapsis of the two dif sites. XerD catalyses first strand exchange to make a Holliday 
junction, which XerC then resolves, resulting in two monomer chromosomes. Each sister 















In this model, FtsK stabilises the divisome by forming contacts with both the early divisome 
(FtsZ) and the late divisome (FtsQ/L/I). However, when FtsKC is engaging in chromosome dimer 
resolution, DNA translocation would extend the FtsK linker region and put a strain on FtsKN, 
destabilising the interactions with the divisome. This could act to halt constriction of the 
septum until sister chromatids have been fully segregated, at which point FtsK can reform 
contacts with the divisome and permit constriction.   
 
1.2.4 FtsB, FtsL & FtsQ 
Recruited by FtsK, the FtsBLQ complex forms independently of the mid-cell and other 
divisome proteins and then migrates to the septum (Buddelmeijer and Beckwith, 2004). FtsB 
and FtsL, both small bitopic membrane proteins, complex with each other in the absence of 
FtsQ, and this association is postulated to stabilise both the proteins as both proteins are seen 
to become degraded when overexpressed in the absence of the other (Gonzalez and Beckwith, 
2009). The FtsBL complex can then bind to FtsQ primarily via the interaction of the periplasmic 
domain of FtsQ and C-terminal fragment of FtsB (Choi et al., 2018). FtsQ is recruited to the 
midcell by FtsK, localising the FtsBLQ complex to the division site (Chen and Beckwith, 2001). 
FtsQ is localised to the midcell in the absence of FtsB and FtsL; however, the reverse is not 
true. Similarly, FtsB and FtsL can recruit FtsI and FtsW to the mid-cell in the absence of FtsQ 
provided the FtsB/FtsL complex was targeted to midcell by fusion with the FtsZ-binding 
protein ZapA (Goehring, Gonzalez and Beckwith, 2006). As these proteins have no known 
enzymatic activity, they are therefore postulated to act as a structural ‘bridge’ between the 






a more active role in sensing the completion of divisome assembly to initiate constriction (Liu 
et al., 2015) (see section 1.2.6); therefore a better understanding of the structure and binding 
of these proteins is needed. 
 
1.2.5 FtsW & FtsI 
FtsW was first thought to be a Lipid II flippase (see section 1.1.1), but it is now known that 
FtsW has peptidoglycan glycosyltransferase (GTase) activity, by which Lipid II is polymerised 
into glycan strands to produce septal peptidoglycan during cell division (Taguchi et al., 2019). 
For this GTase activity, FtsW must be in complex with its cognate peptidoglycan binding 
protein (PBP) FtsI (also called PBP3) (Taguchi et al., 2019). FtsI has been demonstrated to 
possess transpeptidation activity but is not capable of transglycosylation (Adam et al., 1997), 
thus is a Class B PBP. FtsI is exclusively involved in the synthesis of septal peptidoglycan (Botta 
and Park, 1981), reinforcing the similar but separate roles the RodA/PBP2 subcomplex of the 
elongasome and the FtsW/PBP3 subcomplex of the divisome have in the production of the 
lateral wall and septal peptidoglycan respectively. Recruitment of FtsW to the septum 
requires the early and late divisome proteins FtsZ, FtsA, FtsQ, and FtsL but does not require 
FtsI, while FtsI recruitment relies on FtsW (Mercer and Weiss, 2002). Little more is currently 
known about this complex, but recent studies determining the substrate preference of FtsW 










FtsN is the last of the divisomal proteins to be recruited to mid-cell, requiring FtsA, FtsI and 
FtsQ for recruitment, and therefore represents the completion of divisome assembly 
(Addinall, Cao and Lutkenhaus, 1997). FtsN has a cytoplasmic N-terminal, a transmembrane 
region, and a larger periplasmic domain. The periplasmic region of FtsN has two important 
functions. Firstly, FtsN localisation to the mid-cell requires the C-terminal sporulation-related 
repeat (SPOR) domain within this region (Gerding et al., 2009). SPOR domains target proteins 
to the septum by binding peptidoglycan without peptide sidechains, which are enriched at the 
septum as a product of amidase activity (reviewed by Yahashiri, Jorgenson and Weiss (2017)). 
Secondly, the essential function of FtsN is executed by a small 35 residue section of the 
periplasmic domain, and overexpression of this small peptide in ΔftsN cells rescues cell 
division and viability (Gerding et al., 2009). The N-terminal domain of FtsN has been 
demonstrated to mediate the interaction of FtsN with FtsA, and this interaction has been 
postulated to be part of a feedback mechanism to translate the completion of divisome 
assembly back to the Z ring to initiate constriction (Busiek et al., 2012). 
 
1.2.7 Model for constriction control in E. coli 
An insight into FtsN’s role in cell division has been provided by recent work using bypass 
mutations. By substituting a single glutamic acid (E56) in FtsB, division in ΔftsN cells was 
restored (Liu et al., 2015).  Similarly, some mutant ftsB and ftsL alleles could work 
synergistically to recover ΔftsN. From these results Liu et al. (2015) proposed a model for FtsN 






complex in some way suppresses the FtsW/FtsI subcomplex, blocking the production of septal 
PG. When FtsN levels rise, FtsN somehow switches “on” FtsBLQ, removing its suppression of 
FtsI/FtsW, allowing septal peptidoglycan to be synthesised. Processing of new PG by amidases 
leads to more substrate for FtsN and therefore, a positive feedback loop that initiates the 
formation of the septum and cell constriction.  
This model is supported by the recent finding that in vitro FtsBLQ can inhibit the activity of 
PBP1b, a Class A PBP known to interact with FtsW/FtsI and that this inhibition is antagonised 
by the presence of FtsN (Boes et al., 2019). However, how the on/off switching of FtsBLQ is 
achieved, and how FtsBLQ affects peptidoglycan synthesis machinery is still unknown; 
therefore, more in-depth studies are needed to elucidate the precise method of action.  
Figure 1.8. Control of constriction by FtsN. In the absence of FtsN, the FtsBLQ complex 
inhibits the activity of PBP3 via FtsQ and PBP1b via FtsL. The localisation of FtsN to midcell 
suppresses the inhibition of PBP1b, presumably by competing with FtsL, allowing the 
activation of the peptidoglycan synthesis machinery. The release of suppression by FtsQ is 
not yet understood. FtsN also interacts with FtsA, allowing the coordination of 





















1.3 The FtsBLQ Complex 
The previous sections have demonstrated the integral role that divisome proteins play in the 
cell cycle of E. coli.  In particular, the FtsBLQ complex has been placed at the centre of 
constriction control, whereby the complex senses the completion of divisome assembly and 
translates this into the initiation of peptidoglycan synthesis and septum formation (Liu et al., 
2015). It is therefore unsurprising that the FtsBLQ complex has been identified as a possible 
drug target. FtsQ in particular has been highlighted for several reasons: it is well conserved 
among bacteria, there have been no eukaryotic homologues found, it is present in low copy 
number, and it interacts with a wide range of downstream division proteins (Glas et al., 2019). 
Additionally, cessation of cell division caused by the antibiotic mecillinam, which targets PBP2, 
can be restored by overexpressing FtsQ (Vinella, Cashel and D’Ari, 2000). Despite this, in 
comparison to many of the other divisome proteins, very little is known about the structure 
and in vivo function of this complex. This thesis aims to contribute additional insight into the 
FtsBLQ complex. To provide a background understanding, this section will focus on what is 
currently known about the FtsBLQ complex. 
FtsB and FtsL are both small bitopic membrane proteins, with a short cytoplasmic domain, 
single transmembrane segment and periplasmic domain (figure 1.9). The periplasmic domains 
of FtsB and FtsL are both predicted to form coiled coils by the COILS program (Lupas, Van Dyke 
and Stock, 1991) and contain leucine zipper motifs whereby leucine is enriched at the ‘d’ 







The predicted coiled-coil region of FtsB (amino acids 28-63) has been successfully crystallised 
by LaPointe et al. (2013), creating a fusion with the bacteriophage Gp7 proteins to support 
solubility and stabilise coiled coils. The crystal structure (figure 1.10) was solved for a dimeric 
molecule where the FtsB portion formed a canonical coiled-coil conformation, with hydrogen 
bonds forming between asparagine residues at the corresponding “a” position on each chain 
(LaPointe et al., 2013). Although asparagine at the “a” position is destabilising, due to the cost 
of a polar inclusion into the hydrophobic interface, it has been found to give coiled-coil 
specificity for a parallel dimer oligomer state (Fletcher et al., 2017), supporting the hypothesis 
that FtsB does form homodimers. 
Figure 1.9. Topology of FtsB, FtsL and FtsQ. A schematic representation of the topology of 
FtsB, FtsL, and FtsQ, with structural domains indicated. Numbers represent the final residue 
position of each section. Transmembrane regions (TM) have been aligned for visual 






















Figure 1.10. Crystal structure of the E. coli FtsB coiled coil domain. Crystal structure 
resolved to 2.3 Å of dimeric Gp7-FtsBCC fusion proteins. The bacteriophage Gp7 protein, 
highlighted in grey, was fused to the FtsB sequence from residue 28-63 representing the 
coiled coil domain, highlighted in blue. The inset displays the hydrogen bonds formed 
between corresponding asparagine residues at the “a” positions along the coiled coil. 








FtsQ is similarly a bitopic protein, with a short cytoplasmic tail, a single transmembrane 
spanning region and a periplasmic domain. The periplasmic domain of FtsQ has been 
successfully crystallised, which revealed that this domain could be separated into two distinct 
regions (figure 1.11) (van den Ent et al., 2008). The a domain is comprised of a three-stranded 
b sheet where the second and third strands are separated by two antiparallel a helices, a 
structure bearing high similarity to the polypeptide-transport-associated (POTRA) domain of 
YaeT (van den Ent et al., 2008). POTRA domains are more commonly associated with 
transmembrane b barrels related to transport across the membrane and have been 




Figure 1.11. Crystal structure of the E. coli FtsQ periplasmic domain. Crystal structure 
resolved to 2.7 Å of FtsQ periplasmic domain from residue 58-260. The two structural 
domains a and b are highlighted in blue and green respectively. Image was prepared in 






The POTRA domain of FtsQ was found to be necessary for FtsQ localisation, with mutations 
affecting localisation most commonly mapping to a solvent-exposed surface proximal to the 
membrane (van den Ent et al., 2008) The crystal structure revealed a second domain, the b 
domain, which is composed of nine b strands forming a bent b sheet on top of which is two a 
helices. This domain was shown by mutagenesis to be involved in the localisation of FtsB and 
FtsL, with mutations that affected FtsB/FtsL localisation mapping to the surface formed by the 
two C-terminal b stands and the C-terminal tip of the a helix. 
FtsB and FtsL first interact in a manner independent of FtsQ and the mid-cell (Goehring, 
Gonzalez and Beckwith, 2006). This interaction is predicted to stabilise FtsL as depletion of 
FtsB in E. coli results in a loss of FtsL detection, and in Bacillus subtilis, the FtsB homologue 
DivIC protects FtsL from cleavage by the protease RasP (Buddelmeijer et al., 2002; Wadenpohl 
and Bramkamp, 2010). Similarly, FtsB is unstable in the absence of FtsL (Gonzalez and 
Beckwith, 2009). The C termini of FtsB and FtsL are dispensable for the FtsB/FtsL interaction, 
as interactions are localised to the membrane-proximal residues 4 to 55 of FtsB and residues 
38 to 90 in FtsL (Gonzalez and Beckwith, 2009; Gonzalez et al., 2010). The transmembrane 
(TM) regions of FtsB and FtsL have also been demonstrated to be important for their 
interaction, as when purified in isolation the TM regions hetero-oligomerise in a 1:1 ratio and 
purification of the proteins without the TM region has routinely resulted in the abolition of 
FtsB/FtsL association (Buddelmeijer and Beckwith, 2004; Khadria and Senes, 2013; Glas et al., 
2015). The C-terminal domain is instead required for the interaction of the FtsB/FtsL complex 
with FtsQ, and this interaction protects the C-terminus of FtsB from proteolysis (Gonzalez and 






shown to interact with the C-terminal regions of FtsL and DivIC (FtsB) via its b domain (Masson 
et al., 2009). The coiled coils of FtsB and FtsL are then free to interact with the downstream 
binding partners FtsI and FtsW.  
The role of the FtsBLQ complex was long thought to be a structural bridging of the early and 
late divisome, as all three proteins have no known enzymatic activity. However, two recent 
publications have challenged this view. Firstly, specific residue mutations in FtsB and FtsL were 
found to allow the complete bypass of FtsN essentiality (Liu et al., 2015). Secondly, in vitro the 
FtsBLQ complex can inhibit the glycosyltransferase activity of PBP1b, and that this inhibition 
was antagonised by FtsN (Boes et al., 2019). Together these results suggest that FtsBLQ may 
perform a more active role in divisome activity, inhibiting the activity of PBPs and therefore 
delaying the onset of constriction until the rise in FtsN levels signals the completion of 
divisome assembly and releases the inhibition.  
 
1.3.1 Solubilisation as a roadblock for the study of the FtsBLQ complex 
Despite the possible role of FtsBLQ at the heart of septation initiation control, in comparison 
to many of the other divisome proteins very little is known about the structure and in vivo 
function of this complex. The detailed study of these proteins separately and in complex has 
been impeded by the difficulties faced expressing and purifying membrane proteins. To 
overcome these issues, one solution has been to study the membrane proteins in a soluble 
form by expressing only the periplasmic regions. However, the periplasmic coiled-coil 
interactions of FtsB and FtsL have routinely been found to be unstable in isolation. FtsB 






isolation, however, to successfully support a homo-dimer of the FtsB periplasmic region, it 
was necessary to the replace the deleted TM region with the bacteriophage Gp7 protein, a 
soluble globular protein which forms stable homodimers (Morais et al., 2003; LaPointe et al., 
2013). Similarly, while the TM regions of FtsB and FtsL associate into a higher-order oligomer 
when expressed in isolation (Khadria and Senes, 2013), and FtsB and FtsL are known to 
interact via their periplasmic domains (Goehring, Gonzalez and Beckwith, 2006), when the 
periplasmic regions of FtsB and FtsL were expressed the proteins did not copurify or interact 
by SPR (Glas et al., 2015; Kureisaite-Ciziene et al., 2018). Therefore, many studies using the 
FtsB-FtsL dimer rely on fusing the proteins to coils of opposite charge, therefore artificially 
enforcing dimerisation (Masson et al., 2009; Glas et al., 2015; Choi et al., 2018). While these 
fusion studies have allowed the crystallisation of the periplasmic portion of FtsB, and an 
insight into the binding domains important in FtsBLQ complex formation, the artificial 
enforcement of FtsB/FtsL dimerisation may not be an accurate model for the in vivo 
oligomerisation of the complex. A highly debated topic of the FtsBLQ complex has been 
whether the complex forms a 1:1:1 ternary complex as suggested by Masson et al. (2009) and 
Glas et al. (2015), or a 2:2:2 hexamer as per Villanelo et al. (2011) and Choi et al. (2018).  
As discussed in section 1.3, the transmembrane regions of these proteins have been routinely 
demonstrated to be important for FtsBLQ protein association. Therefore, to further probe the 
structure and function of the FtsBLQ complex, the solubilisation of full-length protein may 
support a better understanding of the native oligomerisation states of this complex. However, 
this strategy presents its challenges as the proteins must then be solubilised from the lipid 






used to solubilise membrane proteins from lipid bilayers, but a small number of generically 
applicable, detergent-free strategies have also been developed. The next section will discuss 
the current landscape of techniques for membrane protein preparation. 
 
1.4 Techniques for Membrane Protein Solubilisation 
Historically, membrane proteins have been solubilised with detergents. Detergents are 
amphipathic molecules, consisting of a polar hydrophilic head group and a non-polar 
hydrophobic tail. In the process of membrane protein solubilisation, the hydrophobic tails 
partition into the lipid bilayer to cause destabilisation and eventual dissolution of the bilayer. 
This results in the extraction of membrane proteins into soluble micelles with the detergent 
tails shielding the hydrophobic portion of extracted membrane proteins by forming a torus 
around the transmembrane region (Le Maire, Champeil and Møller, 2000), and the head 
groups facing outwards to provide water solubility (figure 1.12).  
Figure 1.12. Schematic of a detergent solubilised protein. Membrane proteins  (green) are 
surrounded by a torus of  detergent with the hydrophobic tails (red) interacting with the 
hydrophobic region of the transmembrane domain and hydrophilic head groups (blue) 






Detergents can be classified into three major groups according to their charge: ionic, non-
ionic, and zwitterionic (figure 1.13a-c). Ionic detergents have a charged head group with either 
a positive (cationic) or negative (anionic) charge. Due to this charge, ionic detergents are 
relatively harsh and can interfere with protein-protein interactions, causing protein 
denaturation (Schlager, Straessle and Hafen, 2012). An example of an ionic detergent is 
sodium dodecyl sulfate (SDS). The denaturing effect of SDS is commonly exploited in SDS-
based electrophoresis techniques to ensure proteins migrate efficiently through the gel by 
shielding the protein’s intrinsic charge.  
Non-ionic detergents have uncharged head groups and are typically considered to be milder 
than ionic detergents. Common head groups found in non-ionic detergents are glyosidic 
groups, such as those found in n-Octyl-β-d-Glucopyranoside (OG), n-Decyl-β-d-
Maltopyranoside (DM), and n-Dodecyl-β-D-Maltopyranoside (DDM), polyoxythylene moieties 
such as that found in TRITON, or PEG-sorbitan units as found in TWEEN. Non-ionic detergents 
tend to disrupt protein-lipid and lipid-lipid interactions, but leave protein-protein interactions 
intact, and are therefore commonly the detergent of choice for the solubilisation of 
membrane proteins; analysis of the ‘Membrane Proteins of Known 3D 
Structure’ demonstrated that DDM, DM and OG were collectively used in 66% of membrane 
protein purifications within the database (Stetsenko and Guskov, 2017).  
Zwitterionic detergents such as 3-[(3-Cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) carry both a positively and negatively charged groups in their head 






milder than ionic detergents, but harsher than non-ionic detergents, and may still interfere 
with protein-protein interactions (Seddon, Curnow and Booth, 2004).  
In addition to head-group charge, the length of the detergent alkyl tails can also affect protein 
stability during solubilisation. Detergents with longer alkyl tails are less likely to cause protein 
denaturation (Privé, 2007), however, these detergents often produce large micelles, which 
can make techniques such as crystallisation and NMR difficult (Hitscherich et al., 2000). 
Shorter chain detergents form smaller micelles and are therefore more suited to 
crystallisation, but these detergents are often more destabilisating (Privé, 2007). 
Destabilisation by short chain detergents can be as a result of the disruption of protein-protein 
or lipid-protein interactions which are important for protein stability (Breyton et al., 1997; 
Zhou, 2001).  
Another major drawback of detergents is that to prevent the aggregation of extracted 
proteins, the detergent concentration must always be kept above its critical micelle 
concentration (CMC). Free micelles in solution can act as “hydrophobic sinks” into which 
stabilising lipids and proteins co-purified with the membrane protein of study can partition 
(Popot, 2010). Other factors to take into consideration when considering protein instability in 
detergent micelles include the release of the lateral pressure usually applied by the membrane 
environment during solubilisation (Rosenbusch, 2001) and the effect of hydrophobic 
mismatch, where the mismatch between the dimensions of the hydrophobic surface and 
micelle can cause perturbation in protein structure (Columbus et al., 2009).  
To combat the issues associated with the use of conventional detergents, there has been a 






novel small amphipathic agents, lipoproteins, peptides and the use of nano-assemblies. The 
following sections will discuss these techniques and the strengths and weaknesses of their use 
in the solubilisation of membrane proteins.  
 






































































D. Tripod Amphiphile 
Tripod Amphiphile 2 (TPA-2)
E. Neopentyl Glycol Amphiphile






1.4.1 Novel Small Amphipathic Agents  
Owing to the difficulties of membrane solubilisation with conventional detergents, a range of 
small amphipathic compounds have been developed with structures distinct from typical 
detergents. An example of these novel architectures is tripod amphiphiles (TPAs), amphiphiles 
with a single hydrophilic appendage and three hydrophobic appendages (figure 1.13d). TPAs 
were designed to be more conformationally rigid than conventional detergents to promote 
crystallisation, as conventional detergents typically contain flexible linear alkyl chains which 
remain disordered during crystallisation (McQuade et al., 2000). Since their introduction, TPAs 
have been developed extensively to investigate variations of both the hydrophilic and 
hydrophobic portions (Chae et al., 2008, 2014). TPAs have been demonstrated to extract 
integral membrane proteins in a functional state with improved stability compared to DDM, 
and have been successfully used in electron microscopy (Ehsan et al., 2017).  
Another class of note is the neopentyl glycol (NG) amphiphiles. Maltose-neopentyl glycol 
(MNG) amphiphiles were first reported by Chae et al. (2010), and are built around a central 
quaternary carbon atom allowing the incorporation of two hydrophilic and two hydrophobic 
subunits (figure 1.13e). Glucose-neopentyl glycol (GNG) amphiphiles were later introduced, 
and although were found to be inferior to MNGs for membrane protein stabilisation, they also 
resulted in smaller protein-detergent complexes making them more suitable for certain types 
of crystallisation (Chae et al., 2013).  Since their introduction, NG class agents have 
contributed to the crystal structure determinations of more than 30 new membrane proteins 
(Ehsan et al., 2017), highlighting the value of small amphipathic agents in the structural studies 







Detergents can cause particular problems when attempting to study membrane proteins by 
solution state nuclear magnetic resonance (NMR), as this technique requires the 
macromolecule to be smaller than about 30 kDa and uses high temperatures to achieve better 
sensitivity (Kielec, Valentine and Wand, 2010).  Detergent-protein complexes on the other 
hand have a much increased molecular weight and are sensitive to temperature changes 
(Privé, 2007). To combat this issue, amphipathic polymers, or amphipols were designed. The 
most commonly studied amphipol, A8-35, is comprised of a short polyacrylate chain where 
some of the carboxylates are grafted with octylamine or isopropylamine (Tribet, Audebert and 
Popot, 1996) (figure 1.14a). The polymer associates with the transmembrane region of the 
protein with a high affinity (figure 1.14b), stabilising the complex in comparison to protein-
detergent complexes (Popot, 2010). There is now a wide variety of amphipol and amphipol-
like compounds, including modifications such as isotopic labelling, fluorescent labelling and 
the addition of immobilisation tags (see review by Zoonens and Popot (2014)).  
 
Figure 1.14. Amphipols (A) Chemical structure of the A8-35 amphipol, x ≈ 0.35, y ≈ 0.25, 



















However, amphipols typically cannot directly solubilise the membrane, therefore a detergent 
step is still required before transferring to the amphipol system (Popot et al., 2003). 
Additionally, as the amphipol interacts directly with the protein surface, surrounding lipids are 
not maintained by the complex.  
 
1.4.3 Nanodiscs 
The apolipoprotein apoA-I is the major protein component of human serum high-density 
lipoproteins (HDLs), emulsion particles comprising lipids and proteins important in the 
transport of cholesterol to the liver (reviewed by Lund-Katz and Phillips (2010)). When 
incubated with dimyristoyl phosphatidyl-choline (DMPC) multilamellar vesicles, ApoA-I 
solubilised the vesicles into 10 nm discoidal structures, whereby ApoA-1 forms a “belt” around 
the lipid bilayer (Koppaka et al., 1999). Bayburt, Grinkova and Sligar (2002) exploited this 
behaviour for membrane protein preparation by designing a synthetic gene that expressed 
proteins based on the amphipathic a-helical segment of the ApoA-I sequence.  
Figure 1.15. Schematic of a Nanodisc encorporated protein. Membrane proteins  (blue) 







The proteins were termed membrane scaffold proteins (MSPs) and when detergent was 
removed from a lipid/cholate/MSP mixture, 10 nm Nanodiscs of lipid surrounded by an MSP 
belt were demonstrated to self-assemble (Bayburt, Grinkova and Sligar, 2002).  
This method was extended to incorporate detergent solubilised cytochrome P450 into the 
Nanodisc system (Baas, Denisov and Sligar, 2004), and has since been applied to a range of 
membrane proteins including bacteriorhodopsin (Bayburt, Grinkova and Sligar, 2006), a GPCR 
(Leitz et al., 2006) and an amino acid transporter (Nasr and Singh, 2014). Compared to the use 
of detergents alone, this method allows for the solubilisation of membrane proteins into a 
lipid bilayer, which better recreates the lateral pressure and lipid environment of the native 
membrane.  
However, one drawback of the method is that MSPs cannot directly solubilise membranes, 
therefore detergent solubilisation of the membrane protein is still required before integration 
into a Nanodisc. To trigger Nanodisc formation detergents must then be removed by 
incubation with Bio-beads or a similar alternative, adding an extra cost and time-consuming 
step to protein preparation. Preparation of proteins with detergent often removes the native 
lipids surrounding the protein, and although lipids are reintroduced within the Nanodiscs, it 
can be difficult to fully recreate the native lipid environment surrounding membrane proteins. 
The effect of lipid composition on the activities of membrane proteins is well documented 
(see Lee (2004) for a review) and correspondingly Proverbio et al. (2013) demonstrated that 
the choice of lipids within Nanodiscs had a significant effect on the ligand-binding activity of 
Nanodisc complexed receptors. To circumvent the need for detergents, Nanodiscs have also 






avoids the issues of toxicity and poor growth caused by overexpression of membrane proteins 
in E. coli by expressing the proteins in an artificial system of translation machinery (Klammt et 
al., 2004). To avoid precipitation of the newly translated membrane proteins, which must then 
be solubilised in detergent, the cell-free expression technique has been combined with the 
provision of detergent micelles (Ishihara et al., 2005) or liposomes (Kalmbach et al., 2007), 
into which the membrane protein can insert for soluble expression. This approach has also 
been applied to Nanodiscs, demonstrating that cell-free expression in the presence of 
Nanodiscs produced soluble Nanodisc-protein complexes (Malhotra and Alder, 2014). This 
process eliminates the need for detergents in Nanodisc preparation, simplifying the 
purification process, and allows for high-level expression of membrane proteins into a soluble 
environment.  
Therefore, Nanodiscs offer an alternative to detergents whereby proteins are solubilised into 
a well-defined lipid bilayer, which can be finely tuned towards optimal solubilisation and 
activity, however some aspects of the native membrane will not be completely recreated. 
Additionally, the use of a protein-based scaffold can complicate estimation of target protein 
concentration and excludes Nanodiscs from some downstream techniques such as nuclear 
magnetic resonance and circular dichroism.  
 
1.4.4 Styrene Maleic Acid    
While each of these methods offers significant improvements over detergent solubilisation, 
the focus of our lab has been the use of styrene maleic acid (SMA). SMA is the hydrolysed 






industry for interior components (Gauthier, 1995), but which can also be found in a range of 
other products such as carpet shampoos and paper manufacturing (Moutinho, Ferreira and 
Figueiredo, 2007; Williams, 2007). There is a wide range of SMAnh variants available, each 
with variations in monomer ratios and molecular weights, but for simplicity, this thesis will 
only cover SMA2000 (Cray Valley), a 2:1 (styrene/maleic anhydride) variant, and will simply 
be referenced as SMA hereafter. For a review of SMA polymer variations please see Stroud, 
Hall and Dafforn (2018). 
The behaviour of SMA is largely defined by the pH of its environment. When SMAnh is 
hydrolysed to SMA, this produces two carboxyl groups which depending on pH can be 
protonated or deprotonated (figure 1.16). Due to the short distance between the acid groups, 
there is a large difference between their pKa values, the first being around pH 5.5, and second 
at pH 8.6 (Scheidelaar et al., 2016). At low pH, the polymer will be completely protonated and 









Figure 1.16. Structure of styrene maleic acid (SMA) copolymer. SMA is comprised of 
repeating units of styrene and maleic acid. The ratio of styrene to maleic acid can be altered 
to change polymer behaviour, and chain length can vary. For SMA produced by the 






When the pH is increased to neutral or high pH, the carboxyl groups are deprotonated and 
ionic repulsion becomes the predominant factor, leading to an extended chain conformation 
(Tonge and Tighe, 2001). When mixed with polar lipids, it was found that SMA interacted with 
the lipid in a pH-dependant manner to form discoidal assemblies with a lipid core surrounded 
by polymer (Tonge and Tighe, 2003). The effectiveness of SMA for solubilisation of 
hydrophobic substances was subsequently commercialised by Malvern Cosmeceutical as 
Lipodisq, a delivery platform for cosmetics and pharmaceuticals capable of penetrating the 
skin and releasing target compounds (Tonge, 2006).   
The application of SMA as a method of membrane protein solubilisation was first reported by 
Knowles et al. (2009). Upon incubation of SMA with phosatidylcholine (PC) liposomes 
containing transmembrane proteins, roughly 10nm SMA lipid particles (SMALPs) containing 
said proteins were produced (figure 1.17). The proteins within the discs were confirmed to be 
folded, active and thermostable, and more amenable to biophysical studies than traditional 
membrane protein preparation techniques.  
 
Figure 1.17. Schematic of a SMALP encorporated protein. Membrane proteins  (purple) 







Since this original publication, SMALPs have been used to study proteins from insect, 
mammalian, bacterial and fungal membranes (Gulati et al., 2014; Jamshad, Charlton, et al., 
2015; Logez et al., 2016) using a range of techniques such as cryo- electron microscopy 
(Parmar et al., 2018; Sun et al., 2018), X-ray crystallography (Broecker, Eger and Ernst, 2017), 
circular dichroism (Dörr et al., 2014) and hydrogen-deuterium mass spectroscopy (Reading et 
al., 2017).  
A major advantage of using SMA is that it is capable of solubilising membrane proteins without 
the addition of detergents (Lee et al., 2016). While the exact process of membrane 
solubilisation by SMA is unknown, work by (Scheidelaar et al., 2015) proposed that SMALP 
formation is driven by the insertion of SMA copolymers into the hydrophobic core of the 
membrane due to the hydrophobic interaction between the styrene moieties on the polymer 
and lipid acyl chains. Much like the action of detergents, this insertion causes membrane 
destabilisation and solubilisation into discrete lipid particles. These roughly 10 nm lipid 
particles are stabilised by a “bracelet” of SMA encircling the lipid bilayer (figure 1.16), whereby 
the styrene ring intercalates between the lipid chains, and the maleic acid group face out into 
the solvent (Jamshad, Grimard, et al., 2015).  
Compared to the requirements of detergent preparations, membrane protein solubilisation 
using SMA is relatively simplistic. Firstly, hydrolysation of SMA from SMAnh is inexpensive and 
can be scaled up to requirement, compared to the high cost of purchasing detergents. 
Secondly, due to the increased stability of SMALP-protein complexes, membrane 
solubilisation can be carried out at room temperature, unlike many detergents that require 






with additional SMA, and excess SMA after solubilisation can be removed by dialysis or other 
techniques. This simplifies downstream applications once the protein is solubilised as SMALPs 
can be dialysed into a range of simple buffers compatible with spectroscopic techniques such 
as CD.  
SMALPs have been demonstrated to increase the stability of membrane proteins in 
comparison to detergent preparations (Knowles et al., 2009; Dörr et al., 2014), and have 
allowed the identification of distinct lipid profiles across different classes of membrane 
proteins (Teo et al., 2019). SMALP encapsulated proteins are well documented to retain 
activity (Knowles et al., 2009; Postis et al., 2015) and are compatible with small molecule 
binding studies (Gulati et al., 2014; Jamshad, Charlton, et al., 2015). Additionally, compared 
to the protein scaffold of Nanodiscs, SMA has different optical properties from proteins and 
therefore does not interfere with spectroscopic techniques such as CD.  
 
1.5 Aims of this study 
The previous sections have introduced the FtsBLQ complex and its importance in the E. coli 
cell cycle, and have also discussed the problems faced in its solubilisation and characterisation 
of the complex. Styrene maleic acid is a polymer that has been successful in the solubilisation 
of many difficult to study proteins, such as a range of GPCRs (Jamshad, Charlton, et al., 2015). 
Therefore, the aim of chapter 3 was to establish whether SMA can efficiently solubilise the 
individual FtsBLQ proteins from the E. coli membrane. This “bottom-up” approach to studying 
each protein in isolation was chosen to simplify data analysis and it allowed for the complex 






Membrane proteins solubilised in SMALPs have been successfully characterised using a range 
of techniques such as circular dichroism (Dörr et al., 2014) and native-PAGE (Pollock et al., 
2019). There is limited structural information available for the full-length FtsBLQ proteins in 
the current literature, therefore the aim of chapter 4 was to investigate whether these 
techniques could be used to characterise the individual FtsBLQ proteins solubilised into 
SMALPs.   
FtsB and FtsL have been demonstrated to associate in the absence of FtsQ, and before their 
localisation to the mid-cell (Goehring, Gonzalez and Beckwith, 2006). The aim of chapter 5 was 
to establish whether SMA can efficiently solubilise the FtsBL subcomplex, and to characterise 
these complexes using techniques such as native-PAGE and small angle x-ray scattering. 
Finally, analytical ultracentrifugation (AUC) is a well-established method for measuring the 
size distribution of particles within a sample. This method is particularly attractive for the 
characterisation of membrane proteins within SMALPS as it requires a small amount of protein 
compared to other biophysical methods. However, the increased complexity of the presence 
of lipids and polymer within the SMALP samples requires additional characterisation for the 
accurate measurement of sample size by AUC. Therefore, the aim of chapter 6 was to establish 






























Unless stated otherwise, all chemicals and reagents were purchased from Sigma Aldrich. 
 
2.2 General Buffers 
Phosphate Buffered Saline (PBS) was prepared by dissolving one Dulbecco ‘A’ PBS tablet 




Strain Supplier Genotype Application 
BL21 (DE3) New England 
Biolabs 
fhuA2 [lon] ompT gal (λ DE3) [dcm] 
∆hsdS 
λ DE3 = λ sBamHIo ∆EcoRI-B 
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F {́lacIq Tn10 (TetR)} mcrA ∆(mrr-
hsdRMS-mcrBC) Φ80lacZ∆M15 
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Figure 2.1. pET52b(+) plasmid map. pET52b(+) is an expression vector for the expression 
of proteins fused with a HRV 3C protease cleavable N-terminal Strep-Tag II and a 
thrombin cleavable C-terminal His-Tag. The plasmid also contains the bla gene for 
ampicillin resistance, a T7lac promoter, an optimized RBS, and multiple unique 
restriction enzyme sites (XmaI and SacI shown) in the multiple cloning region (MCR) to 












Figure 2.2. pET28a(+)-ftsL plasmid map. pET28a(+)-ftsL plasmid map. pET28a(+)-ftsL is 
an expression vector for the expression of FtsL fused with a thrombin cleavable N-
terminal His-Tag. The plasmid also contains the KanR2 gene marker for kanamycin 








All oligonucleotides were purchased from Sigma, and supplied freeze dried. On receipt, all 
oligos were diluted to 100 µM stock concentration in sterile deionised water and stored at -
20°C. Before use, stock solutions were further diluted to a working concentration of 10 µM in 
sterile deionised water. Working stocks were also stored at -20°C. 
 
Oligo name Sequence (5’ to 3’) Application 
Oligonucleotides for sequencing and diagnostic PCR 
T7promoter TAATACGACTCACTATAGGG Forward primer for confirming 
insertions into pET plasmids, 
annealing site shown in figures  
Plasmid Supplier Description Plasmid Map 
pET-52b(+) 
 
Novagen Protein expression vector carrying a 
HRV 3C protease cleavable N-
terminal Strep-Tag II and, thrombin 
cleavable C-terminal His-Tag and 
ampicillin resistance 
Figure 2.1 
pET-28a(+)-ftsL Dr Ian Cadby, 
University of 
Birmingham 
Protein expression vector carrying a 
His-Tag/thrombin/T7-Tag 
configuration, kanamycin resistance 
and the E. coli K12 ftsL gene 
Figure 2.2 
pACYCDuet-1 Novagen Protein expression vector carrying 
an N-terminal His-Tag in multiple 
cloning site (MCS) 1, a C-terminal S-





Dr Yu-Pin Lin, 
University of 
Birmingham 
Protein expression vector carrying 
the zipA gene and a C terminal V5 
epitope and 6xHis-Tag  
See Lin (2011) 
Table 2.2. Plasmids used in this study.  






T7terminator GCTAGTTATTGCTCAGCGG Reverse primer for confirming 
insertions into pET plasmids, 
annealing site shown in figures 
ACYCDuetUP1 GGATCTCGACGCTCTCCCT Forward primer for confirming 
insertions into pACYC plasmid, 
annealing site shown in figures 
DuetDOWN1 GATTATGCGGCCGTGTACAA Reverse primer for confirming 
insertions into pACYC plasmid, 
annealing site shown in figures 
Oligonucleotides for PCR amplification 
Bforward TTTGCGCCCGGGCCCATGGGTAA 
ACTAACGCTGCTGTTGCTG 
Upstream primer for amplification of 




Downstream primer for amplification 




Upstream primer for amplification of 




Downstream primer for amplification 




Upstream primer for amplification of 
ftsQ, incorporating an XmaI restriction 
site (bold)  
Qreverse TTTGCGGAGCTCTTGTTGTTCTGC 
CTGTGCCTGATTTTGTTG 
Downstream primer for amplification 




Forward primer for amplification of 
the pACYCDuet-1 vector for HiFi DNA 
assembly into MCS 1 
pETduetend TAATGCTTAAGTCGAACAGAAAGT 
AATCG 
Reverse primer for amplification of the 
pACYCDuet-1 vector for HiFi DNA 




Upstream primer for amplification of 
ftsQ for HiFi DNA assembly 
HiFiQReverse CGATTACTTTCTGTTCGACTTAAGC 
ATTATTGTTGTTCTGCCTGTGCCTG 
Downstream primer for amplification 






2.6 Liquid Growth Media 
Luria Bertani (LB) broth powder (Lennox) was prepared to manufacturer’s instructions in 
deionised water and sterilised by autoclaving at 121°C, 1.4 bar for 20 minutes. Media was 
allowed to cool to room temperature before supplementation with antibiotics and 
inoculation. 
2.7 Solid Growth Media 
LB agar was prepared by dissolving LB broth powder as above with the addition of 15 g/L of 
agar. LB agar was sterilised by autoclaving at 121°C, 1.4 bar for 20 minutes, and allowed to 
cool to 50°C before supplementation with appropriate antibiotics. LB agar plates were poured 
and allowed to set under aseptic conditions and stored at 4°C. Plates were pre-warmed at 
37°C before use.   
 
2.8 Antibiotics and Supplements 
Unless otherwise stated, all stock solutions were made up deionised water. Solutions were 
filter sterilised with a 0.2 µm syringe filter and stored at -20 °C.  
 
Antibiotic Stock Concentration Working Concentration 
Ampicillin 100 mg/mL 100 µg/mL 
Kanamycin 50 mg/mL 50 µg/mL 
Chloramphenicol 25 mg/mL (dissolve in EtOH) 25 µg/mL  
IPTG 500 mM 0.5 mM 
 






2.9 General cloning techniques 
2.9.1 Polymerase Chain Reaction (PCR) 
All primers used in PCR amplification are outlined in table 2.5. PCR reactions were assembled 
on ice with Phusion® High-Fidelity PCR Master Mix with HF Buffer (NEB) to the recipe outlined 
in table 2.5. Phusion® Master Mix was always added last to avoid the degradation of 
oligonucleotides by the polymerases’ 3´→ 5´ exonuclease activity. Thermocycling conditions 
are outlined in table 2.6.  
 
Component Volume for 50 µL reaction Final Concentration 
Forward primer at 10 µM  2.5 µL 0.5 µM 
Reverse primer at 10 µM 2.5 µL 0.5 µM 
2X Phusion Master Mix 25 µL 1X 
E. coli chromosomal DNA (or 
vector for HiFi) 
Appropriate volume for 100 ng 100 ng 
Sterile deionised water Make up to 50 µL final volume  
 
Stage Temperature  Time 
Hot Start 98°C 30 seconds 






Final extension 72°C 10 minutes 
Hold 4°C Indefinite 
 
Prior to downstream use, any successful PCR products were purified from residual primers, 
nucleotides, and enzymes using QIAquick® PCR purification kit (Qiagen) as per manufacturer’s 
instructions. 
Table 2.5. Phusion® High-Fidelity PCR recipe. 






2.9.2 Agarose Gel Electrophoresis 
A 0.8% (w/v) agarose gel was prepared by adding 0.8 g agarose powder to 100 mL 1X Tris-
acetate-EDTA (TAE) buffer (40mM Tris, 20mM acetic acid, 1mM EDTA) and heating until the 
agarose was fully dissolved. GelRed® Nucleic Acid Gel Stain (Biotium) was added at a 1:10,000 
dilution to allow later DNA visualisation. The agarose solution was then cast and allowed to 
set before use. Samples were prepared by combining 5 µL of sample with 1 µL 6X Purple Gel 
Loading Dye (New England Biolabs). 1 kb DNA Ladder (New England Biolabs) also was prepared 
as above.  Samples were loaded alongside prepared DNA ladder and gels run at 140V, 400 mA 
in 1X TAE for 20-30 minutes until the dye front had travelled sufficiently far into the gel. DNA 
fragments were visualised with a UV light box with an ethidium bromide filter. 
 
2.9.3 Nucleic Acid Quantification 
DNA concentration was quantified by measuring the absorbance of the sample at 260 nm and 
converting to concentration using the modified Beer-Lambert equation: 
Nucleic	Acid	Concentration	 = 	
OD!"#	(AU)
Pathlength	(cm) × Standard	Coefficient	(µg/mL) 
Where the standard coefficient for double stranded DNA is 50 µg/mL. 
 
2.9.4 Transformation of Top10F’ Chemically Competent Cells 
One Shot® TOP10Fʹ Competent Cells (Invitrogen) were transformed with the pET52b-ftsB, 
pET52b-ftsL or pET52b-ftsQ ligation products, ligation control products, or HiFi assembly 
products by thawing one 50 µL of cells for each ligation on ice, adding 5 µL of the 






shocked in a 42°C water bath for exactly 30 seconds, and then quickly placed on ice for 2 
minutes. 250 µL prewarmed Super Optimal Broth (SOC) medium (Invitrogen, provided with 
competent cells) was added to each vial and the vials incubated at 37°C for 1 hour in a shaking 
incubator shaking at 180 rpm. 100 µL of the transformed cells were plated onto a LB agar plate 
with the appropriate antibiotic and the plates incubated at 37°C overnight. If the vector 
control and vector ligation control plates were free from colonies, colonies from the 
‘Vector+Insert’ plate could then be screened for the correct insert by plasmid isolation and 
sequencing.  
 
2.9.5 Plasmid Isolation 
To isolate the plasmid from the freshly transformed cells, single colonies were used to 
inoculate 5 mL of LB broth containing the appropriate antibiotic, and the culture incubated at 
37°C overnight with shaking at 180 rpm. The overnight culture was harvested by 
centrifugation at 13,000 rpm in a desktop microcentrifuge for 5 minutes at room temperature. 
Plasmid DNA was then purified using a QIAprep® Spin Miniprep Kit (Qiagen) to the 
manufacturer’s instructions, eluting from the column with 50 µL water. 
 
2.9.6 Diagnostic PCR 
To confirm the presence and length of insertions into the plasmid, a diagnostic PCR was 
carried out. PCRs were performed as in section 2.9.1, except using isolated plasmid instead of 







2.9.7 Plasmid Sequencing  
To confirm the sequence of the insertion, isolated plasmids were sequenced with the 
sequencing primers outlined in table 2.3. Primers were diluted to 3.2 mM in sterile deionised 
water before use. Samples for sequencing were prepared to the recipe in table 2.7 and then 
were sequenced by the Functional Genomics Laboratory, University of Birmingham. All inserts 
were sequenced with both forward and reverse primers to ensure full coverage of the insert. 
Component  Volume/Amount 
Template DNA 200-500 ng 
Primer 1 µL 
Sterile deionised water Make up to 10 µL 
 
2.10 Cloning by Restriction Digestion  
 
Table 2.7. Plasmid sequencing recipe. 
Figure 2.4. Restriction enzyme digestion cloning. The gene to be cloned into the vector is 
amplified by PCR using primers which introduce restriction sites (orange and green) to each 
end of the gene. The PCR product and vector are digested with the appropriate restriction 
enzymes, and then ligated together to produce the assembled vector. This vector can then 
be transformed into E. coli and assessed by techniques such as sequencing.  
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Each gene for cloning was amplified from E. coli genomic DNA by PCR as outlined by section 
2.9.1, using the primers given in table 2.3. The upstream incorporated an XmaI restriction site 
onto one end of the gene, and the downstream primer incorporated a SacI restriction site at 
the other end. These sites could then be used to assemble the genes into the vector by 
restriction enzyme digest, as outlined in figure 2.4. 
 
2.10.1 Digestion 
Amplified gene products and pET52b(+) plasmid were digested with XmaI and SacI in 
CutSmart® Buffer (NEB) using the recipe in table 2.7. The reactions were incubated at 37°C for 
3 hours. The digested plasmid was then further treated with the addition of shrimp alkaline 
phosphatase (rSAP, NEB) to catalyse the dephosphorylation of the 5' and 3' ends of the newly 
linearised vector to prevent re-ligation. 1 µL of rSAP was added to the plasmid digestion 
reaction and incubated for a further 30 minutes at 37°C. rSAP was then inactivated by 
incubation at 65°C for 5 minutes. 
 
Component Volume for 50 µL reaction 
DNA 1 µg 
10 X Cutsmart® Buffer 5 µL 
XmaI 1 µL 
SacI 1 µL 
Sterile deionised water Make up to 50 µL 
 






Prior to downstream use, all digestion products were purified from residual primers, 




To ligate the digested PCR product into the linearised vector, ligation reactions using T4 DNA 
Ligase (NEB) were set up to the recipe in table 2.9 and incubated for 3 hours at room 
temperature. For efficient ligation, a minimum 1:3 molar ratio of vector to insert is necessary. 
To ensure that apparent ligation wasn’t a result of undigested vector, a vector control with 
only vector and no ligase was carried out. To ensure that apparent ligation wasn’t a result of 
the vector religating without insert, a vector ligation control with only vector and T4 ligase 
was carried out.  
 
Component Vector+Insert Vector Control Vector Ligation Control 
T4 DNA Ligase Buffer 
(10X) 
2 µL 2 µL 2 µL 
Vector DNA  0.020 pmol 0.020 pmol 0.020 pmol 
Insert DNA 0.060 pmol - - 
T4 DNA Ligase 1 µL  -  1 µL  
Autoclaved 
deionised water 










2.11 Cloning by Restriction-free Methods 
FtsQ was cloned into pACYCDuet-1 (for triple transformation of ftsB/ftsL/ftsQ) using 
restriction free cloning, as outlined in figure 2.5. The ftsQ gene was amplified from E. coli 
genomic DNA by PCR as outlined by section 2.9.1, using the primers given in table 2.3. 
Similarly, the pACYCDuet-1 vector was amplified by PCR, using primers that would linearise 
the vector in the first cloning site, designing primers in a way which removes the His-Tag 
(figure 2.3). The primers were also designed to introduce overlapping ends, which could then 




Figure 2.5. Restriction-free cloning. The gene and the vector are amplified by PCR using 
primers which introduce overlapping ends (orange and green) to each end. The PCR product 
and vector are then incubated with exonucleases, DNA polymerase and DNA ligase to 
produce the assembled vector. This vector can then be transformed into E. coli and assessed 
by techniques such as sequencing.  
PCR Assembly
+Primers introducing 













Component Volume for 20 µL reaction 
Vector 50 ng 
Insert 100 ng 
NEBuilder HiFi DNA Assembly Master Mix 10 µL 
Sterile deionised water Make up to 50 µL 
 
The amplified vector and insert were assembled with NEBuilder® HiFi DNA assembly cloning 
kit (New England Biolabs) using the recipe in table 2.10. The reaction was set up on ice, and 
then incubated at 50°C for 15 minutes. Samples were stored at -20°C until needed for 
subsequent transformation of competent cells.  
 
2.12 Site Directed Mutagenesis 
Mutagenesis was carried out using the Q5® site-directed mutagenesis kit (New England 
Biolabs). Primers for mutagenesis were designed using the online NEBaseChanger tool (New 
England Biolabs), to introduce the desired mutation. Primers used are given in table 2.3. 
Reagents were assembled for PCR amplification was as given in the recipe in table 2.11, and 
PCR was performed using the thermocycling conditions given in table 2.12. 
Component Volume for 25 µL reaction Final Concentration 
Forward primer at 10 µM  1.25 µL 0.5 µM 
Reverse primer at 10 µM 1.25 µL 0.5 µM 
Q5® hot start high-fidelity 2X 
master mix 
12.5 µL 1X 
Template DNA (1-25 ng/µL) 1 µL 1-25 ng 
Sterile deionised water 9 µL  
Table 2.10. HiFi DNA Assembly Protocol. 







Stage Temperature  Time 
Hot Start 98°C 30 seconds 






Final extension 72°C 2 minutes 
Hold 4°C Indefinite 
 
The PCR products were then assembled for kinase, ligase and DpnI (KLD) treatment using the 
recipe in table 2.13. The sample was thoroughly mixed by pipetting and incubated at room 
temperature for 5 minutes. Samples were stored at -20°C until needed for subsequent 
transformation of competent cells. 
 
Component Volume  
PCR product  1 µL 
2X KLD reaction buffer 5 µL 
10X KLD enzyme mix 1 µL 
Sterile deionised water 3 µL 
 
2.13 Preparation of Styrene Maleic Acid 
Styrene maleic acid was prepared using the method given in Lee et al. (2016). In short, styrene 
maleic anhydride co-polymer was refluxed in 1 M NaOH for 2 hours, and allowed to cool. The 
polymer was then precipitated by the addition of concentrated HCl, until the pH of the 
solution was <5. To wash the precipitate, the polymer suspension was centrifuged at 11,000 
Table 2.12. Q5® site-directed mutagenesis PCR thermocycling conditions 







x g at room temperature for 15 minutes, and the supernatant discarded. The pelleted polymer 
was re-suspended in distilled water and again centrifuged at 11,000 xg at room temperature 
for 15 minutes. These washing steps were repeated twice, and then the polymer was dissolved 
in 0.6 M NaOH at 37°C overnight in an orbital shaker. Once re-dissolved, the polymer was 
again precipitated with HCl, washed three times in water and re-dissolved in 0.6 M NaOH. The 
pH of the solution was then adjusted to 8.0 using concentrated HCl or NaOH, and then the 
solution was frozen at -20°C. Once frozen, the polymer was freeze dried to a fine powder and 
stored at room temperature.  
 
2.14 Protein Overexpression in E. coli 
2.14.1 Transformation of BL21(DE3) Competent Cells 
For high level protein expression, plasmids containing the gene for the protein in question 
were transformed into BL21(DE3) Competent E. coli (New England Biolabs). Vials of 
competent cells were thawed on ice, 1–5 µL containing 1 pg–100 ng of plasmid DNA was 
added to the cells and the cells were left on ice for 30 minutes. Cells were then heat shocked 
in a 42°C water bath for exactly 10 seconds, and then quickly placed on ice for 5 minutes. 950 
µL pre-warmed Super Optimal Broth (SOC) medium (New England Biolabs, provided with 
competent cells) was added to each vial and the vials incubated at 37°C for 1 hour in a shaking 
incubator shaking at 180 rpm. 100 µL of the transformed cells were plated onto a LB agar plate 








2.14.2 Preparation of Glycerol Stocks 
For long term storage of transformed cells, glycerol stocks were prepared. A single colony 
from a LB agar plate was used to inoculate 5 mL of LB broth containing the appropriate 
antibiotic, and the culture incubated at 37°C overnight with shaking at 180 rpm. 500 µL of this 
overnight culture was added to 500 µL of sterile 50% glycerol in a 2 mL cryovial and frozen at 
-80°C. When colonies were needed, glycerol stocks were streaked onto LB agar plates 
containing the correct antibiotics, which were incubated at 37°C overnight. 
 
2.14.3 Large Scale Protein Expression 
A single colony from a LB agar plate was used to inoculate 100 mL of LB broth containing the 
appropriate antibiotic in a 250 mL flask, and the culture incubated at 37°C overnight with 
shaking at 180 rpm. 10 mL of this overnight culture was then used to inoculate 1 L of LB broth 
containing the correct antibiotic in 2.5 L conical flasks, and incubated at 37°C with shaking at 
180 rpm. Cell growth was followed by measuring the absorbance of the cultures at 600 nm; 
once cultures reached an OD600 of 0.4, the incubator was cooled to 18°C. Once cultures 
reached an OD600 of 0.6, they were induced with IPTG at a final concentration of 0.5 mM IPTG 
and incubated for 3 hours at 18°C with shaking at 180 rpm. Cells were harvested by 
centrifugation at 4,000 x g for 15 minutes at 4°C, resuspended in PBS, and transferred to 50 
mL conical centrifuge tubes. Cells were pelleted by centrifugation at 3220 x g in an Eppendorf 
Multi-purpose centrifuge for 30 minutes at 4°C, PBS poured off and cell pellet frozen at -20°C 







2.14.4 Measurement of E. coli Growth Rate 
To assess cell growth during induction, OD600 readings were taken at 0, 3, 9, and 18 hours post 
induction. If the OD600 was greater than 1, samples were diluted with deionised water as the 
relationship between OD600 and cell density becomes non-linear after 1.  
 
2.14.5 Analysis of Protein Expression Levels 
To assess protein expression levels during induction, 500 µL of culture from was transferred 
to a 1.5 mL microcentrifuge tube. Cells were pelleted by centrifugation at 13,000 rpm in a 
desktop microcentrifuge for 5 minutes at room temperature and supernatant was removed.  
B-PER Bacterial Protein Extraction Reagent (Thermo Scientific) was prepared by adding 2 µL 
of TURBO™ DNase (2 U/µL, Invitrogen) per 1 mL of reagent needed, and then each pellet 
resuspended in 100 µL reagent. Samples were incubated at room temperature for 15 minutes 
and then stored at -20°C until analysis by SDS-PAGE and western blotting (see section 2.16). 
 
2.14.6 Phase Contrast Microscopy 
To assess cell morphology during induction, 500 µL of culture from each flask was transferred 
to a 1.5 mL microcentrifuge tube. Cells were pelleted by centrifugation at 13,000 rpm in a 
desktop microcentrifuge for 5 minutes at room temperature and supernatant was removed. 
Cells were then fixed by resuspending the pellets in 500 µL 4% paraformaldehyde in PBS 
(Thermo Scientific) and incubating for 20 minutes at room temperature. Cells were pelleted 
again by centrifugation and resuspended in 500 µL PBS. Samples were stored at 4°C until use. 






Phase contrast images were taken on an A1R Confocal System equipped with a Ti inverted 
microscope (Nikon) by Dr Alessandro Di Maio at the Birmingham Advanced Light Microscopy 
Facility. Images were captured using NIS-Elements 4.13 Microscope Imaging Software (Nikon) 
and processed using Fiji. 
2.15 Membrane Protein Solubilisation and Purification 
Disruption buffer 50 mM TrisHCl pH 7.5 (r.t) 
5 mM MgCl2 
5 mM CaCl2 
5% (v/v) glycerol 
Just before use, dissolve one Pierce™ EDTA-free Protease 
Inhibitor Tablet (Thermo Scientific) and 10 µL TURBO™ 
DNase (Invitrogen) per 50 mL buffer 
Solubilisation buffer 50 mM TrisHCl pH 8.0 (r.t) 
500 mM NaCl 
10% (v/v) glycerol 
DDM solubilisation buffer Solubilisation buffer + 2% (w/v) n-Dodecyl-β-D-
Maltopyranoside (DDM) 
SMA solubilisation buffer Solubilisation buffer + 5% (w/v) SMA 
Ni-NTA wash buffer Solubilisation buffer + 20 mM imidazole (+0.2% (w/v) DDM 
for detergent preparations 
Ni-NTA elution buffer Solubilisation buffer + 500 mM imidazole (+0.2% (w/v) DDM 
for detergent preparations 
Streptavidin elution 
buffer 
Solubilisation buffer + 2.5 mM desthiobiotin (+0.2% (w/v) 
DDM for detergent preparations 
 
2.15.1 E. coli Membrane Preparation 
All stages of membrane preparation were carried out on ice to preserve protein integrity. If 
the cell pellets being used for membrane preparation were previously frozen, they were 
allowed to defrost on ice before use. Cell pellets were then re-suspended by hand 
homogenisation using a borosilicate glass mortar and pestle with at least 2 mL disruption 






buffer per gram of pellet. Cells were then disrupted using an Emulsiflex C3 Homogeniser 
(Avestin), passing the cell suspension through at least 3 times under pressure of around 
17,000 psi. Cell debris was pelleted by centrifugation at 12,000 x g for 30 minutes at 4°C. The 
supernatant from this step was collected and centrifuged at 120,000 x g for 1 hour to collect 
the membrane fraction. The membranes were then weighed and re-suspended by hand 
homogenisation to a final concentration of 60 mg/mL in solubilisation buffer. For long term 
storage, the re-suspended membrane solution was stored at -20°C, and thawed on ice 
immediately before use.  
 
2.15.2 n-Dodecyl-β-D-Maltopyranoside (DDM) Solubilisation 
If overexpressed proteins were to be solubilised with detergent, the re-suspended 
membranes were combined with DDM solubilisation buffer at a 1:1 ratio, and left to solubilise 
overnight at 4°C with mild agitation. Any material not solubilised at the end of the incubation 
was removed by centrifugation at 120,000 x g for 1 hour, and the supernatant collected. 
 
2.15.3 SMA Solubilisation 
If overexpressed proteins were to be solubilised with SMA, the re-suspended membranes 
were combined with SMA solubilisation buffer at a 1:1 ratio, and left to solubilise for 3 hours 
at room temperature with mild agitation. Any material not solubilised at the end of the 








2.15.4 Ni-NTA Affinity Purification 
To purify overexpressed His-tagged proteins from other solubilised membrane proteins, 
immobilized metal affinity chromatography (IMAC) was used. SMA solubilised proteins were 
purified as below, DDM solubilised proteins were purified as below with the exception that all 
buffers hereafter were supplemented with 0.2% (w/v) DDM. Super Ni-NTA Agarose Resin 
(Generon) was prepared by transferring the required volume of the suspension to a 15 mL 
conical centrifuge tube, and making up to 15 mL with deionised water. After centrifugation at 
3220 x g in an Eppendorf Multi-purpose centrifuge for 15 minutes at room temperature, the 
supernatant was removed and the preparation steps repeated twice more. After the final 
centrifugation step, the supernatant was removed and resin re-suspended as a 50% (v/v) 
suspension in solubilisation buffer. This resin suspension was then added to the supernatant 
from section 2.15.2/3 at a ratio of 1:50, i.e. 1 mL 50% resin suspension to 50 mL supernatant. 
The supernatant was incubated with the resin overnight at 4°C with gentle agitation.  
After incubation, the resin/supernatant solution was transferred to a gravity flow column and 
the flow through collected. To remove non-specifically bound proteins, the resin was then 
washed with 10 column volumes (CV) Ni-NTA wash buffer 4 times, collecting each wash 
fraction separately. To elute his-tagged proteins bound to the column, the resin was then 
incubated with 1 CV of Ni-NTA elution buffer for 5 minutes, and then eluent collected; this 
was repeated at least 6 times. All collected fractions were analysed by Polyacrylamide Gel 
Electrophoresis (PAGE) (section 2.16) to confirm the presence of the target protein and to 
assess the purity of the sample. To quickly remove imidazole from the elution fractions, the 






Dialysis Tubes (max. sample vol. 3000ul, 3.5kDa MWCO) (Generon) as per manufacturer’s 
instructions.  
 
2.15.5 Strep-Tactin Affinity Purification 
To purify overexpressed Strep-tag II tagged proteins from other solubilised membrane 
proteins, an alternative IMAC technique was used. Strep-Tactin® Superflow® 50% suspension 
(IBA) was prepared by transferring the required volume of resin (1:10 ratio resin to sample 
being applied) into a gravity flow column and equilibrating with 10 CV solubilisation buffer.  
The dialysed elution fractions from section 2.15.4 were then applied to the resin and the flow 
through collected. To remove non-specifically bound proteins, the resin was then washed with 
1 CV solubilisation buffer 5 times, collecting each wash fraction separately. To elute Strep-Tag 
II tagged proteins bound to the column, the resin was then incubated with 1 CV of streptavidin 
elution buffer for 5 minutes, and then eluent collected; this was repeated at least 6 times. All 
collected fractions were analysed by Polyacrylamide Gel Electrophoresis (PAGE) (section 2.16) 
to confirm the presence of the target protein and to assess the purity of the sample.  
 
2.15.6 Size Exclusion Chromatography (SEC) 
To improve the purity of protein samples and separate components on the basis of 
hydrodynamic radius, SEC of protein samples was performed on a Superdex® 200 Increase 
10/300 GL gel filtration column attached to an ÄKTAexplorer 10 chromatography system 
(Amersham) controlled by UNICORN 4.0 chromatography software (Amersham). Before use 






Samples to be purified by SEC were pooled and concentrated to a volume of 250 µL in an 
Amicon® Ultra Centrifugal Filter (Merck Milipore) with a 3,000 Da molecular weight cut off 
(MWCO) by centrifugation at 4,000 rpm, 4°C in an Eppendorf Multi-purpose centrifuge. 
Samples were then loaded into a 500 µL sample loop and injected onto the column. The 
column was run for 1 CV at 0.5 mL/min in SEC Running Buffer, collecting 0.5 mL fractions. 
Elution absorbance was monitored at 280 nm and 254 nm to identify the elution of protein 
and SMA respectively.  
 
2.15.7 Superdex® 200 Increase 10/300 Calibration Curve 
A commercial protein standard mix (15-600 kDa, Merck) was used to determine the 
relationship between molecular weight and elution volume from the Superdex® 200 Increase 
10/300 GL column. The lyophilised protein mix was re-suspended in 1 mL 50 mM TrisHCl, 150 
mM NaCl (pH8). 250 µL of this sample was then injected onto the column and analysed as in 
section 2.15.6. 1 mg/mL bovine serum albumin and 1 mg/mL green fluorescent protein (GFP, 
gifted by Dr Timothy Knowles, University of Birmingham) were similarly analysed. Each sample 
was individually prepared and analysed three times, and the results were plotted on a scatter 
graph using Microsoft Excel. An exponential trend line was fitted to the data and the equation 










2.16 Polyacrylamide Gel Electrophoresis (PAGE) 
2.16.1 Sodium Dodecyl Sulfate-PAGE (SDS-PAGE) 
Dependant on protein size, 12% or 18% SDS-PAGE gels were prepared using the recipe shown 
in table 2.15. SDS-PAGE gels were then assembled into a vertical electrophoresis tank and 
submerged in 1X Running Buffer made up from 10X Tris-Glycine-SDS Buffer Concentrate 
(Sigma). Samples to be analysed by SDS-PAGE were prepared by transferring 15 µL of each 
sample into a micro-centrifuge tube with 5 µL of 4X NuPAGE® LDS sample buffer (Novex®, 
ThermoFisher Scientific) and 2 µL of 10X NuPAGE® sample reducing agent (Novex®, 
ThermoFisher Scientific). 15 µL of each sample was then loaded into the wells of the gel along 
with 5 µL of Broad Range Blue Pre-Stained Protein Standard (New England Biolabs) (figure 
2.6). Gels were run at 100 V until samples were beyond the resolving gel and thereafter run 
at 200 V until sample dye reached the bottom of the gel.  
 
 Stacking Gel Resolving Gel 
 4% 12% 18% 
30% Acrylamide/bis 1.33 mL 6 mL 9 mL 
0.5M Tris-HCl, 0.4% SDS pH 6.8 2.5 mL - - 
1.5M Tris HCl, 0.4% SDS pH 8.8 - 3.75 mL 3.75 mL 
dH2O 6 mL 5 mL 2 mL 
Tetramethylethylenediamine (TEMED) 10 µL 15 µL 15 µL 
10% Ammonium persulfate (APS) 100 µL 150 µL 150 µL 
Total Volume 10 mL 15 mL 15 mL 
 







2.16.2 Coomassie Staining 
If protein bands were to be visualised by Coomassie staining, gels were removed from their 
glass plates and stained with SimplyBlueTM SafeStain buffer (Novex®, ThermoFisher Scientific) 
as per manufacturer’s instructions. All staining and washing steps were carried out on a rocker 
at room temperature. In short, gels were washed in deionised water 3 times for 5 minutes, 
and then incubated with SafeStain for 1 hour. After 1 hour the stain was removed and replaced 
with deionised water, and washed for 1 hour. For increased sensitivity, after I hour of washing 
20 mL of 20% NaCl was added to the water and the gel was left washing overnight. 
 
2.16.3 Western Blotting 
If protein bands were to be visualised by western blotting, gels were removed from their glass 
plates and placed into deionised water. Proteins were then transferred from the gel onto a 






nitrocellulose membrane using the Trans-Blot Turbo Transfer System (Bio-Rad) with Trans-
Blot® Turbo™ Mini Nitrocellulose Transfer Packs (Bio-Rad). Transfer was carried out using the 
preprogramed ‘Mixed MW’ protocol, applying 1.3 V up to 25 V for 7 minutes. After transfer, 
the membrane was blocked for 45 minutes on a rocker at room temperature with 25 mL of 
5% Skim Milk Powder in PBS. 2.5 µL of 6xHis monoclonal antibody (Clontech) was then added 
to the milk solution and incubated on a rocker overnight at 4°C. After incubation the 
membrane was twice washed in PBS with 0.05% Tween 20 for 5 minutes on a rocker at room 
temperature. The membrane was then incubated with 25 mL of 5% Skim Milk Powder in PBS 
with the addition of 2.5 µL of Goat Anti-Mouse IgG Antibody [HRP] (2BScientific), and 
incubated on a rocker at room temperature for at least 3 hours. The membrane was again 
washed twice with PBS with 0.05% Tween 20 for 5 minutes. His-tag proteins were then 
visualised by the addition of EZ-ECL Enhanced Chemiluminescence Detection Kit for HRP 
(Biological Industries). The detection solution was prepared by combining 2 mL of each 
supplied solution, and allowed to equilibrate for 10 minutes before use. The solution was then 
added directly on top of the membrane and incubated for exactly 1 minute, before 
visualisation of the bands using chemiluminescence imaging on a Uvitec Gel Imaging System. 
 
2.16.4 Protein Identification 
To identify a protein in a particular SDS-PAGE gel band, the gel was run and stained as per 
sections 2.16.1 and 2.16.2, and then washed thoroughly in deionised water and placed in a 






plug was placed into a microcentrifuge tube. The sample was then submitted to the University 
of Birmingham Advanced Mass Spectrometry Facility for tandem mass spectrometry analysis.  
 
2.16.5 Blue Native-PAGE 
For electrophoresis of samples in a non-denaturing, non-reducing environment, Native-PAGE 
was used. Samples were prepared by transferring 15 µL of each sample into a microcentrifuge 
tube with 5 µL of 4X tris-glycine native sample buffer pH 8.6 (Alfa Aesar). Native-PAGE was 
performed with NativePAGE™ 4-16% Bis-Tris protein gels (Novex) using XCell SureLock™ Mini-
Cell Electrophoresis System (ThermoFisher). For non-detergent samples the inner chamber 
was filled with 1X Light Cathode Buffer while the outer chamber was filled with 1X Anode 
Buffer (see table). For detergent samples the inner chamber was instead filled with 1X Dark 
Blue Cathode Buffer until the dye front had migrated one third of the way into the gel, at 
which point it was removed and replaced with 1X Light Cathode Buffer for the remainder of 
the run. 15 µL of each sample was loaded into the wells along with 5 µL of NativeMark™ 










1X Anode Buffer (1000 mL) 50 mL - 950 mL 
1X Light Cathode Buffer (200 
mL) 
10 mL 1 mL 189 mL 
1X Dark Cathode Buffer (200 
mL) 
10 mL 10 mL 180 mL 






If the Native-PAGE was to be assessed by Coomassie staining, then the gel was stained by the 
manufacturer’s instructions. In short, the gel was fixed in 100 mL 40% methanol, 10% acetic 
acid by microwaving for 45 seconds and then rocking at room temperature for 30 minutes. 
The fix step was repeated, and then the gel was stained with 100 mL 30% methanol, 10% 
acetic acid, 0.02% Brilliant Blue R by microwaving for 45 seconds and then rocking at room 
temperature for 30 minutes. The gel was finally de-stained in 8% acetic acid by microwaving 
for 45 seconds and then rocking at room temperature overnight. 
If the Native-PAGE was to be assessed by western blotting, the proteins were transferred to a 
nitrocellulose membrane as per section 2.16.3. After transfer, proteins were fixed to the 
membrane by incubating the membrane with 8% acetic acid for 15 minutes, before rinsing in 
deionised water and allowing the membrane to air dry. Once dry, the residual Coomassie dye 
was lifted from the membrane with methanol, the membrane was washed briefly with 
deionised water and then the membrane was blocked, incubated and visualised as per section 
2.16.3.  
 
2.17 Biophysical Analysis 
2.17.1 Circular Dichroism (CD) 
All CD measurements were made on a JASCO J-1500 Circular Dichroism Spectrophotometer 
controlled by Spectra Manager software. All measurements were taken in a quartz cuvette, 
with a pathlength of 1 mm for standard spectra measurements. Before use the instrument 







Due to the high absorbance of chloride ions in the far-UV region, samples were prepared for 
CD by dialysing into 10 mM potassium phosphate pH 8. Sample concentrations were 
approximately 0.1 mg/mL. A single spectrum was taken to assess the appropriate wavelength 
range for the sample. For most samples, the high tension voltage exceeded 600 V below 200 
nm, indicating a loss of reliable CD signal, therefore wavelength scans were only taken down 
to this wavelength. Spectra were then measured using the parameters in table 2.17. Each 
spectrum is an average of 5 scans. 
 
Channel 1 CD 
Channel 2 HT 
Channel 3 Abs 
Start 275 nm 
End 200 nm 
Data pitch 0.5 nm 
Scanning mode Continuous 
Scanning speed 50 nm/min 
D.I.T 2 seconds 
Bandwidth 1 nm 
Number of accumulations  5 
 
 
Baseline spectra were taken with the buffer in which the sample had been prepared and 
similarly averaged. Baseline spectra were then subtracted from the sample spectra and the 










2.17.2 Thermal Melt Analysis 
All thermal melt experiments were performed on a JASCO J-1500 Circular Dichroism 
Spectrophotometer, fitted with the PTC-517 single-position Peltier thermostatted cell holder 
accessory (Jasco) and MCB-100 Mini Water Circulation Bath. The spectrophotometer was 
controlled by Spectra Manager software. All measurements were taken in a quartz cuvette, 
with a pathlength of 10 mm. Before use the instrument was calibrated with d-10-
Camphorsulfonic Acid, comparing to published spectra (Chen and Yang, 1977). 
 
General parameters 
Channel 1 CD 
Channel 2 HT 
Channel 3 Abs 
Start 275 nm 
End 200 nm 
Data pitch 0.5 nm 
Scanning mode Continuous 
Scanning speed 50 nm/min 
D.I.T 2 seconds 
Bandwidth 1 nm 
Number of accumulations  5 
Temperature parameters 
Start temperature 15°C 
End temperature 95°C 
Data interval 5°C 
Temperature Gradient 1°C/minute 
Wait time 20 seconds 
Start condition Keep within +/- 0.1°C of the target temp. for 5 seconds 
Stirrer 100 rpm  
 
 






Due to the high absorbance of chloride ions in the far-UV region, samples were prepared for 
CD by dialysing into 10 mM potassium phosphate pH 8. Sample concentrations were 
approximately 0.1 mg/mL. A single spectrum was taken to assess the appropriate wavelength 
range for the sample. For most samples, the high tension voltage exceeded 600 V below 200 
nm, indicating a loss of reliable CD signal, therefore wavelength sans were only taken down 
to this wavelength. Thermal melt experiments were then conducted using the parameters in 
table 2.18. Each spectrum is an average of 5 scans. 
 
2.17.3 Analytical Ultracentrifugation (AUC) 
Unless otherwise stated, samples to be analysed by AUC were prepared to a concentration of 
0.1-0.5 mg/mL in 50 mM Tris, 150 mM NaCl, pH 8.0. Sedimentation velocity experiments were 
performed by Pooja Sridhar at the Birmingham Biophysical Characterisation Facility, 
University of Birmingham. Experiments were performed in a Beckman Coulter ProteomeLab 
XL-I Analytical Ultracentrifuge with a Ti50 rotor at 20°C, 30,000-40,000 rpm depending on 
predicted sample molecular weight. Samples were monitored by absorbance at 245 nm, 260 
nm and/or 280 nm. Data was analysed in SEDFIT (Schuck, 2000) applying the continuous c(s) 
distribution model. Buffer density and viscosity were calculated with SEDNTERP (Laue et al., 
1992). The frictional ratio parameter was allowed to float. For SMA, the partial specific volume 
was calculated from the inverse of the published density of 1.18. For SMALP samples the 
partial specific volume was calculated with density contrast sedimentation experiments 







2.17.4 Density Contrast Sedimentation 
For samples with no published density or partial specific volume, it was measured 
experimentally by density contrast sedimentation.  250 µL of sample in 50 mM Tris, 150 mM 
NaCl, pH 8.0 was mixed with 250 µL of either filter sterilised water or deuterium oxide and 
allowed to equilibrate at 4°C overnight. For each sample, this was done 3 times in H2O and 3 
times in D2O. Samples were then analysed by AUC as above, allowing the partial specific 
volume to remain on the pre-set value, as it does not affect sedimentation coefficients.  
The sedimentation coefficients from the H2O experiments were averaged, and similarly with 
the D2O experiments. The equation from Martin, Winkler and Cook (1959) was then used to 


















Where ?̅?, 𝜂, 𝑆, and 𝜌 represent partial specific volume, buffer viscosity, sedimentation 
coefficient, and buffer density respectively. Subscript D denotes D2O samples and subscript H 
denotes H2O samples. 𝜅 represents the molar mass ratio of the sample in deuterated 
compared to non-deuterated solvent. 𝜅 was calculated in protein samples by identifying the 
number of labile hydrogens in the sample protein sequence and assuming 100% hydrogen-










2.17.5 Small Angle X-ray Scattering (SAXS) 
Size-exclusion chromatography SAXS (SEC-SAXS) data was collected at Diamond Light Source, 
Didcot on beamline B21 (proposal SM19905). Inline SEC-SAXS was performed on an Agilent 
1200 high-performance liquid chromatography (HPLC) system, using a Superdex 200 Increase 
3.2/300 SEC column (GE Healthcare). Before use the column was equilibrated in 2 CV SEC 
Running Buffer (50 mM Tris, 150 mM NaCl, pH 8 r.t.). Samples were pooled and concentrated 
to a volume of 60 µL in an Amicon Ultra Centrifugal Filter (Merck Milipore) with a 3,000 Da 
molecular weight cut off (MWCO) by centrifugation at 4,000 rpm, 4°C in an Eppendorf Multi-
purpose centrifuge. Samples were then injected onto the column using the EMBL Arinax 
sample handling robot, and the column was run for 1 CV at 0.075 mL/min in SEC Running 
Buffer. Eluent passed into the data collection chamber where SAXS data was collected at 3 
second intervals using 1 second exposure times. Data was recorded on a Pilatus 2M detector 
at a fixed camera length configuration of 4.014 m at 12.4 keV, allowing the collection of data 
in a resolution range of 0.0031 to 0.38 Å-1. Data reduction was automatically performed at 
Diamond Light Source using DAWN, and further data analysis was carried out in ScÅtter, a 
JAVA-based application developed by Robert Rambo at the Diamond Light Source (Didcot, 
UK). Low resolution ab initio models were produced from the P(r) distribution using DAMMIF 
(Franke and Svergun, 2009), performing 13 independent runs, which were then averaged 









2.17.6 Dynamic Light Scattering (DLS) 
Dynamic light scattering experiments were performed at the Molecular Analytical Science 
Centre (University of Warwick) on a Zetasizer Nano S (Malvern Instruments). Samples were 
loaded into a standard disposable polystyrene cuvette and equilibrated at 25°C for 60 seconds. 
DLS measurements were then taken using a HeNe gas laser at 633 nm, with the detector at a 
175° angle to the incident beam. Each measurement is an average of 11 scans taken over 10 
seconds.  
 
2.18 Thin Layer Chromatography (TLC) 
Samples to be analysed by TLC were concentrated to achieve a target concentration of 0.5 
mg/mL in an Amicon Ultra Centrifugal Filter (Merck Milipore) with a 3,000 Da molecular 
weight cut off (MWCO) by centrifugation at 4,000 rpm, 4°C in an Eppendorf Multi-purpose 
centrifuge. Samples were then analysed as outlined in the methods of Hughes et al. (2019). 2 
mL of this sample was added to 2 mL methanol and 1 mL chloroform. Samples were 
vortexed continuously for 5 minutes, and then incubated at 50°C for 30 minutes. The 
samples were then vortexed again for 5 minutes, and centrifuged at 2,000 x g for 10 
minutes. After centrifugation, the lower phase was extracted and evaporated. The dried 
lipids were resuspended in 100 µL chloroform, and 5 µL was loaded onto a Silica TLC plate 
(Sigma). The TLC plate was run with a 6.5:2.5:1 (chloroform:methanol:acetic acid) solvent, 
and then dried for 30 minutes. The plate was stained with 10% (w/v) phosphomolybic acid in 



















CHAPTER 3: SOLUBILISATION OF THE COMPONENTS OF THE 









The FtsBLQ complex has been proposed to be the “on/off” switch of the divisome, preventing 
septum formation and subsequent division until the divisome has been correctly assembled, 
signalled by the accumulation of FtsN, the final protein in the divisomal assembly pathway (Liu 
et al., 2015). However, there is still very little known about this complex, as many studies have 
reported low expression levels, and difficulties in purifying the complex in a stable and folded 
state have slowed progress (Bramkamp et al., 2006; Masson et al., 2009; van den Berg van 
Saparoea et al., 2013). Previous studies have often relied on expressing just the periplasmic 
domain of these proteins to enable their purification as a soluble protein. However, coiled 
coils such as that in FtsB and FtsL are known to be unstable when isolated, and therefore 
require fusion to globular proteins such as bacteriophage Gp7 (LaPointe et al., 2013) or soluble 
coiled coils (Glas et al., 2015; Choi et al., 2018) to remain stable. Since the transmembrane 
(TM) region of FtsB has been found to homo-oligomerise when purified in isolation (LaPointe 
et al., 2013), it seems likely that the transmembrane region of FtsB may play a role in the 
oligomerisation of FtsB in vivo. Similarly, Khadria and Senes (2013) demonstrated by Förster 
resonance energy transfer (FRET) that the purified TM regions of FtsB and FtsL associated and 
formed a higher-order oligomer in a 1:1 ratio, suggesting these regions play a role in FtsB-FtsL 
association. 
These results suggest that isolating full-length proteins with an intact transmembrane region 
may help elucidate their structure and function; however, the purification of full-length 
membrane proteins presents new difficulties due to the need for solubilisation from the lipid 






Maltopyranoside (DDM), which are made up of a hydrophilic head group and a hydrophobic 
tail. The hydrophobic tail partitions into the lipid bilayer and masks the hydrophobic portion 
of the membrane protein, while the hydrophilic head group provides water solubility, allowing 
solubilisation of the membrane protein from the membrane. However, detergents can have a 
destabilising effect on proteins and often ignore the complexity found within membranes 
(Privé, 2007). Additionally, detergent solubilisation can remove the lipids surrounding 
membrane proteins. For many proteins, their activity is directly modulated by the local lipid 
environment; this includes a range of cell signalling proteins which associate with lipid rafts, 
regions of higher than average cholesterol and glycosphingolipid thought to play a role in 
signal transduction (Staubach and Hanisch, 2011). Detergents can also be unreliable when 
working with protein-protein interactions. When attempting to solubilise membrane 
complexes, Lee et al. (2018) demonstrated that only select detergents could preserve protein 
interactions and that the detergent capable of this varied between the different complexes. 
The unpredictability of detergent-protein compatibility can result in lengthy processes of 
investigating multiple combinations of detergents, which is expensive and time-consuming.  
The advent of the use of styrene-maleic acid (SMA) copolymer as a tool for solubilisation 
offered a novel solution to the membrane purification problem. The styrene-maleic acid-lipid 
particles (SMALPs) formed by the interaction of SMA with lipid bilayers results in roughly 10 
nm discs, which can contain membrane proteins within them. This technique allows the 
solubilisation of full-length membrane proteins while still surrounded by their native lipid 






The aim of this chapter was to firstly clone the full-length ftsB, ftsL and ftsQ genes from the E. 
coli genome into an appropriate expression vector, and to overexpress these proteins in an E. 
coli expression strain. Previous studies had reported difficulties with expressing the full-length 
proteins without the other proteins of the sub-complex (Buddelmeijer et al., 2002); therefore, 
steps were taken to improve expression levels. Secondly, this chapter aimed to establish 
whether SMA can efficiently solubilise the over-expressed proteins from the membrane and 
whether these proteins can then be adequately purified using IMAC and SEC methods.  
 
3.2 Cloning of Full-length ftsB/ftsL/ftsQ for High Level Expression 
In order to express the full-length proteins, the ftsB, ftsL and ftsQ genes first had to be cloned 
into a suitable expression vector. pET52b was chosen as the vector as it is designed for high-
level expression and fuses the proteins with two cleavable tags: an HRV cleavable Strep-Tag 
and a thrombin cleavable 10xHis-Tag. To clone the genes into the vector, the genes first had 
to be amplified from E. coli K12 genomic DNA by PCR amplification. PCR primers were 
designed to include two specific restriction sites, one at the start and one at the end of each 
gene, for downstream digestion and insertion into a linearised vector. In order to find the 
optimal annealing temperature for the primer pairs, a gradient PCR was run, varying the 
annealing temperature between 50-60°C. Figure 3.1 shows the resulting PCR products run on 
an agarose gel. The ftsL products appeared as a strong band at the correct weight for the 
predicted 366 bp sequence. There were some higher weight bands, but these were reduced 
upon higher annealing temperature with limited loss of product; therefore, an annealing 







The ftsQ gene product was also successfully amplified at the correct weight for an 831 bp 
product between 50-56°C, with a reduction in product seen at 60°C. As a higher annealing 
temperature is associated with higher specificity, an annealing temperature of 56°C was 
chosen for ftsQ. However, ftsB was not successfully amplified, as the PCR products showed a 
large amount of laddering and smearing, suggesting that there was a large amount of 
unspecific product. As ftsB was the shortest gene to be amplified (306 bp), one possibility was 
that the extension time used was too long. 
Figure 3.1. PCR products of gene amplification. The ftsB, ftsL and ftsQ genes were 
amplified from E. coli genomic DNA by PCR, varying the primer annealing temperature 
between 50°C to 60°C. The resulting PCR products and DNA ladder were run on a 1% 















































The PCR was repeated for ftsB, reducing the extension time from 30 seconds to 10 seconds, 
as the polymerase manufacturer’s recommendation for the extension time step is 10-30 
seconds per kb of template. Additives were also included to test whether this improved 
results, as DMSO is known to improve specificity during PCR. Figure 3.2 demonstrates that the 
shorter extension time greatly improved the amplification of ftsB, with a good yield at the 
expected weight and very faint banding at a larger molecular weight. Additives appeared to 
have little to no effect on the yield or specificity of ftsB amplification, therefore they were not 
used in future PCR methods.  
Figure 3.2. PCR products of ftsB amplification with reduced extension time. ftsB was 
amplified from E. coli genomic DNA by PCR at a single annealing temperature of 55°C 
and a reduced annealing time of 10 seconds, varying the use of PCR additives. The 
resulting PCR products and DNA ladder were run on a 1% agarose gel containing Gelred 

































The amplified genes were then ligated into the expression vector. This was achieved by 
restriction digest, whereby the plasmid was linearised by digestion with two restriction 
enzymes whose restriction sites were found only in the vectors cloning site. The PCR product 
was then digested with the same enzymes to produce sticky ends, as the restriction sites has 
previously been inserted at each end of the DNA sequence by insertion into the PCR primers. 
The PCR product and vector were ligated to produce a circular vector containing the gene in 
question. To screen for vectors with the correct insert, E. coli DH5α competent cells were 
transformed with the ligation product, and the plasmid DNA prepared from these cells. 
Plasmid DNA size was assessed by agarose gel electrophoresis and candidates that appeared 
at the correct weight underwent diagnostic PCR and restriction digest to confirm the presence 
of the correct insert (Figure 3.3).  
  
Figure 3.3. Confirmation of insertion of gene inserts into pET52b. The pET52b-ftsB, 
pET52b-ftsL and pET52b-ftsQ plasmids were confirmed to contain the correct inserts by 
diagnostic digest and PCR. The resulting PCR products and DNA ladder were run on a 1% 


























When digested with the restriction enzymes used in the previous cloning steps, each plasmid 
migrated as two components: the plasmid at the correct weight of ~5.2 kb and the inserts, 
also at the correct weights. Diagnostic PCR similarly showed that when the cloning region of 
the plasmid was amplified, PCR products at the correct size for each gene were produced. 
These results showed that plasmids containing each gene had been successfully constructed. 
To ensure that each gene had also been amplified and ligated with no errors, the cloning 
region of each plasmid was sequenced. Sequencing results confirmed that the inserted genes 
had the same nucleotide sequence as the published gene sequence proving that full-length, 
wild-type ftsB, ftsL and ftsQ had been successfully cloned into expression vectors. 
 
3.3 Expression of Full-length FtsB/FtsL/FtsQ 
To overexpress the three proteins, each plasmid was individually transformed into the E. coli 
BL21(DE3) expression strain. A single colony from each transformation was used to prepare 
overnight cultures of cells expressing each protein. This overnight culture was used to 
inoculate 1 L of LB broth and grown at 37°C until the cells were in the exponential growth 
phase, indicated by an OD600 of 0.4-0.6. The cultures were then cooled to 18°C and induced 
with IPTG. Time points were taken just before induction, and then at 1, 3, 9 and 20 hours post 
induction. These samples were then analysed by SDS-PAGE and western blotting with a His-
Tag specific antibody to detect expression of His-Tagged protein. The growth of the cultures 
was sampled at the same time points, taking 1 mL aliquots and measuring the OD600.  
Western blot analysis demonstrated that each protein had been successfully expressed at the 







Figure 3.4. Expression of FtsBLQ proteins. BL21(DE3) E. coli containing the expression 
plasmid for FtsB, FtsL or FtsQ were grown to an OD600 of 0.6 and then either induced with 
0.5 mM IPTG or left uninduced. (A) The expression levels of the three proteins were 
assessed at 0,1,3,9 and 20 hours after expression by SDS-PAGE and western blotting with 
an anti-His-Tag antibody. (B) Growth rates of induced and uninduced cultures were 


























Time After Induction (Hours)
FtsB+0.5 mM IPTG FtsL+0.5 mM IPTG FtsQ+0.5 mM IPTG








 Additionally, no protein bands were seen in any of the uninduced samples, suggesting there 
was no detectable expression of the His-Tagged proteins before IPTG induction. Upon IPTG 
induction, FtsB expressed to a similar level between 1 and 9 hours, while at the 20 hours post-
induction the expression levels were significantly reduced. FtsL also expressed to a similar 
level between 1 and 9 hours post-induction, while at 20 hours post-induction a second lower 
molecular weight band beneath that of FtsL was visible, possibly suggesting the degradation 
of FtsL. The expression of both FtsB and FtsL significantly slowed the growth rate of the E. coli 
in comparison to the uninduced cultures, reaching only a third of the cell density of the 
uninduced cells after a 20 hour incubation. In comparison, FtsQ appeared to express uniformly 
across all the time points taken, and induction of FtsQ had a less marked impact on the growth 
rate of the E. coli. 
To understand why cell growth is particularly poor in the FtsB and FtsL cultures, aliquots of 
the cultures from the expression trial were visualised by phase contrast microscopy. As shown 
in figure 3.5, E. coli BL21(DE3) cultures grown for 20 hours have cells that are uniform in shape. 
However, in cultures when FtsB, FtsL or FtsQ had been overexpressed for 20 hours, the cells 
are much less uniform and hair-like filamentous structures are common. This is particularly 
seen in the pET52b-ftsL sample, where filamentous structures reach a length of up to 60 µm 
compared to the average length of 2.5 µm for the BL21(DE3) sample. This demonstrates that 
the regulation of FtsB, FtsL and FtsQ levels is important for the division of E. coli and the 









To investigate whether expression could be improved by altered growth conditions, an 
expression trial was carried out for FtsB. Reduction of IPTG concentration and increased 
induction temperatures  have previously been reported to increase expression of proteins 
under the control of T7 promoters (Larentis et al., 2014; Mühlmann et al., 2017), therefore 
these variables were chosen.  
Figure 3.5. Microscopy of cell morphology. E. coli BL21(DE3) transformed with the 
expression vectors pET52b-ftsB, pET52b-ftsL or pET52b-ftsQ were grown to an OD600 of 0.6 
and then induced with 0.5 mM IPTG. Samples of the cultures were taken after 20 hours. 
Samples were fixed with paraformaldehyde and then washed in PBS. Samples were placed 
onto a glass microscope slide, coverslip applied, and cells were then visualised by phase 
contrast microscopy. For comparison, non-transformed BL21(DE3) E. coli cells were grown 








As in previous experiments, 1 L flasks were inoculated with overnight culture and grown at 
37°C to an OD600 of 0.6.  At the point of induction, flasks were then cooled to either 18°C or 
25°C and induced with a range of IPTG concentrations between 0.1-1 mM. Time points were 
taken at 3 and 20 hours and expression assessed by SDS-PAGE and western blotting (Figure 
3.6). At the 3 hour time point, expression was highest in the 18°C culture, and at this 
temperature the culture induced with 0.5 mM IPTG expressed the most FtsB. Throughout the 
trial, cultures induced with 1 mM IPTG had the lowest level of expression. Additionally, as seen 
previously the 20 hour induction resulted in a lower expression level in all conditions.  
Figure 3.6. Growth condition trial for improved FtsB expression. BL21(DE3) E. coli 
containing the expression plasmid for FtsB were grown to an OD600 of 0.6 and then either 
induced with 0.1, 0.5 or 1 mM IPTG and incubated for 20 hours at either 18°C or 25°C. The 
expression levels of the different conditions were assessed by SDS-PAGE and western 
blotting with an anti-His-Tag antibody. (B) Growth rates of induced and uninduced cultures 
were followed by measuring the change in OD600 across the time points. Experiments were 













































































Therefore, the conditions chosen for the expression of FtsB was induction with 0.5 mM IPTG, 
followed by incubation at 18°C for 3 hours. As co-expression of the proteins was a future aim 
of these experiments, these growth conditions were used for the expression of all proteins 
and co-expressions hereafter.  
 
3.4 Solubilisation of FtsB using Styrene Maleic Acid 
Using the conditions chosen in section 3.3, FtsB was overexpressed in the E. coli BL21(DE3) 
expression strain and induced for 3 hours before the cells were collected by centrifugation, 
and the membrane fraction was prepared. To isolate E. coli membranes, cells must be 
disrupted with high pressure homogenisation, and then the membrane fraction is separated 
from cell debris and soluble proteins through a series of high speed and ultra-centrifugation 
steps (Fotiadis, Harder and Fotiadis, 2012). The pressure used to disrupt cells, and the number 
of passes a sample is subjected to has been shown to significantly affect protein yield (Tam et 
al., 2012). Additionally, the method of Fotiadis, Harder and Fotiadis (2012) does not include 
the addition of DNase, but DNase is often added during cell disruption to reduce sample 
viscosity, allowing easier passage through the Emulsiflex. With this in mind, a range of cell 
disruption conditions were trialled to identify the optimum condition. After disruption the 
samples were centrifuged at 12000 x g for 30 minutes, the supernatant was collected and the 
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From these results, the condition using a higher number of passes through the Emulsiflex and 
DNase in the disruption buffer appeared to result in the most effective cell disruption as there 
was the least insoluble material after disruption. To identify whether this also improved FtsB 
yield, the insoluble pellet was resuspended in an equal volume to the supernatant, and the 
amount of FtsB in the soluble fraction and pellet of each condition was detected by western 
blotting after separation by SDS-PAGE (figure 3.7a). In all conditions, a large amount of FtsB 
was detected in the insoluble pellet. This could be due to incomplete cell disruption but may 
also be indicative of the aggregation of FtsB into inclusion bodies. As FtsB was to be solubilised 
from a bilayer environment, the recovery of FtsB from inclusion bodies was not investigated. 
There was not an easily detectable difference in FtsB yield between the conditions in the 
western blot, therefore the condition chosen was to use 5 passes through the Emulsiflex with 
DNase included in the buffer as this resulted in the lowest insoluble pellet weight. After cell 
disruption and high-speed centrifugation, the soluble fraction was then centrifuged at 120,000 
x g for 1 hour to collect the membrane fraction, which was subsequently solubilised with SMA.  
Time of SMA solubilisation has been reported to have a significant effect on membrane 
protein yield (Charlton, 2016), therefore solubilisation was measured at two time points.  
Table 3.1. Insoluble yield from different cell disruption conditions. E. coli cells were 
disrupted using a C3 Emulsiflex under a range of conditions. After disruption the samples 









Figure 3.7. Improving membrane yield and solubilsation. (A) Cell pellets were lysed in a 
C3 emulsiflex under four different conditions. 1=three passes through the emulsiflex, 
2=three passes through the emulsiflex with DNase added to buffer, 3=five passes through 
the emulsiflex, 4=five passes through the emulsiflex with DNase added to buffer. After 
lysis, the samples were centrifuged at 12000 x g for 30 minutes, supernatant collected and 
pellet resuspended in an equal volume to the supernatant. (B) E. coli membranes were 
solubilised with SMA either for 3 hours at room temperature or overnight at 4°C. Any 
material not solubilised at the end of the incubation was removed by centrifugation at 
120,000 x g for 1 hour, supernatant collected and pellet resuspended in an equal volume 
to the supernatant. Samples were separated by SDS-PAGE on an Any kD™ Mini-PROTEAN® 








The membrane fraction was resuspended and combined with SMA at a final concentration of 
2.5%. After incubation for 3 hours at room temperature or overnight at 4°C, the insoluble 
fraction was removed by ultracentrifugation. The soluble fraction was collected, and the 
insoluble pellet resuspended in an equal volume to the soluble fraction.  The amount of FtsB 
in each sample was detected by western blotting after separation by SDS-PAGE (figure 3.7b). 
Under visual inspection, the overnight solubilisation had less FtsB in the insoluble fraction 
therefore this time point appears to be more successful in solubilising FtsB. 
After identifying the conditions for membrane collection and SMA solubilisation, the SMA 
solubilised membranes were combined with prepared Ni-NTA resin to purify solubilised FtsB 
from other solubilised membrane proteins. After incubation for 1 hour on a rotating platform, 
the resin was transferred to a gravity flow column and the flow-through collected. The resin 
was washed with a low imidazole concentration buffer to remove any non-specifically bound 
contaminants. His-tagged proteins were eluted with increasing imidazole concentrations. All 
wash and elution fractions were collected and analysed by SDS-PAGE (figure 3.8).   
The flow through fraction (FT) demonstrated that a large percentage of solubilised material 
did not bind the resin. The low imidazole washes (W1-6) removed any un-tagged proteins until 
no detectable protein was removed from the column. The elution fractions using imidazole 
concentrations between 100 mM and 250 mM (E1-4) did not elute any protein. The elution 
fractions using imidazole concentrations above 250 mM (E4-8) showed the elution of a protein 








Figure 3.8. Trial FtsB Ni-NTA purification. SMA solubilised membranes were incubated 
with Ni-NTA resin overnight and then transferred to a gravity flow column and flow 
through (FT) collected. The resin was washed 4 times with 10 CV 20 mM imidazole buffer 
(W1-4) and then His-Tagged proteins were then eluted 8 times with 1 CV 100-600 mM 
imidazole buffer (E1-8).  (A) and (C) Fractions were analysed by electrophoresis on a 12% 
SDS-PAGE gel and protein bands visualised by Coomassie staining. (B) SDS-PAGE separated 










































































































The predicted molecular weight of FtsB with the weight of the purification tags included is 14 
kDa, however gel shifting of membrane proteins in SDS-PAGE is well documented. Some 
proteins can migrate up to 30% more slowly than predicted from their formula weights due 
to SDS-loading by α-helical structures (Rath et al., 2009). The band at 18 kDa was confirmed 
to be FtsB by excising the E7 band from the SDS-PAGE and submitting it for mass spectrometric 
analysis. A darkly stained band at 18 kDa was also seen in the flow-through, which indicated 
that most of the FtsB in the sample had not bound to the column. To confirm that the FtsB in 
the flow through had retained the His-Tag, the SDS-PAGE separated FT was transferred to a 
nitrocellulose membrane and probed with an anti-HisTag antibody. This showed that the FtsB 
band in the flow-through was His-tagged FtsB, therefore much of the FtsB in the sample did 
not bind to the column despite the His-Tag being present.  
To improve the yield from affinity purification of FtsB, a range of binding conditions were 
investigated (figure 3.9). In the trial purification a binding time of 1 hour was used as suggested 
by the resin manufacturer, but the presence of the SMALP disc could interfere with the binding 
process, so an overnight incubation with this resin was also trialled. To investigate the 
possibility that the resin used was incompatible with SMA, a second Ni-NTA resin (Super NI-
NTA, Generon) was trialled with overnight incubation for comparison. Finally, when expressed 
in pET52b FtsB is tagged with both a C-terminal His-Tag and an N-terminal Strep-Tag II, 
therefore the binding of FtsB to streptactin resin was also attempted. The solubilised 
membranes were passed over a streptactin resin, which was washed with Tris-HCl buffer 
before elution of strep-tagged proteins with d-Desthiobiotin. From these investigations it 






resin, and that the Super Ni-NTA resin offered a slight improvement over the HisPur resin. The 
streptactin resin had a smaller amount of FtsB in the flow through than the 1-hour Ni-NTA 
incubation, but no elution from the resin could be detected, therefore the use of streptactin 




Figure 3.9. Improving affinity resin binding of FtsB. SMA solubilised membranes were 
incubated with affinity resin under different conditions to improve binding and FtsB yield. 
1 = 1 hour incubation with HisPur resin, 2= overnight incubation with HisPur resin, 3= 
overnight incubation with Super Ni-NTA, 4= gravity flow binding to streptactin resin.  After 
incubation, the flow through from the resin was collected. Ni-NTA resins were washed 
extensively with a 20 mM imidazole concentration buffer and then His-Tagged proteins 
were eluted with 500 mM imidazole. The steptactin resin was washed with TrisHCl buffer 
and then strep-tagged protein was eluted with 5 mM d-Desthiobiotin. Flow through and 
elution fractions were seperated by SDS-PAGE, transferred to a nitrocellulose membrane 






Using the improved binding conditions of an overnight incubation with Super Ni-NTA resin, 
SMA-solubilised FtsB was purified and the results were assessed by SDS-PAGE. For 
comparison, the same dry weight of membranes was used as in the initial purification. These 
conditions resulted in a much higher yield of FtsB in the elution fractions (E1-E4) compared to 
the trial purification (Figure 3.10). However, a protein band at 18 kDa representing FtsB was 
still visible in the flow through from the resin, which suggests that the binding of FtsB to the 
resin is not optimal despite the improvement.  
Figure 3.10. FtsB Ni-NTA purification. SMA solubilised membranes were incubated with 
Ni-NTA resin overnight and then transferred to a gravity flow column and flow through (FT) 
collected. The resin was washed 4 times with 10 CV 20 mM imidazole buffer (W1-4) and 
then His-Tagged proteins were then eluted 4 times with 1 CV 500 mM imidazole buffer (E1-
4). Fractions were analysed by electrophoresis on an 18% SDS-PAGE gel and protein bands 






The improved yield of FtsB also resulted in the co-elution of a range of contaminants, the most 
prominent being at 25 kDa. During this purification, 20 mM imidazole was used to wash the 
resin and 500 mM imidazole was used for the elution of FtsB from the resin to achieve optimal 
elution. While the contaminants were not washed off with 20 mM imidazole, they may be 
eluted at a lower concentration of imidazole than FtsB, allowing elution of the contaminants 
without losing the protein of interest. To address this, once binding had taken place, an 
imidazole gradient was performed to identify at which concentration each of the 
contaminants elute.  
Figure 3.11. FtsB Ni-NTA imidazole gradient. SMA solubilised membranes were incubated 
with Ni-NTA resin overnight and then transferred to a gravity flow column and flow 
through (FT) collected. The resin was washed once with 10 CV 20 mM imidazole buffer 
and then the resin was then washed 10 times with 1 CV of imidazole buffer, with the 
concentration of imidazole increasing from 50 mM to 500 mM. Fractions were analysed 



















































At lower imidazole concentrations (20-100 mM), the major contaminants at 100 kDa, 46 kDa, 
and 32 kDa eluted from the column, with no visible elution of FtsB. However, the contaminant 
at 25 kDa did not begin to elute from the column until the imidazole concentration was 
increased to 300 mM, at which point FtsB also began to elute from the column. Therefore, 
more stringent washing with 100 mM imidazole removed most of the contaminants from the 
column but the contaminant at 25 kDa could not be purified separately to FtsB using specific 
imidazole concentrations. 
As shown previously in figure 3.9, FtsB successfully binds streptactin resin, and use of this 
second purification tag was investigated to improve the purity of FtsB. The elutions from the 
Ni-NTA resin were passed over a streptactin resin, which was washed with Tris-HCl buffer 
before elution of strep-tagged proteins with d-Desthiobiotin. No elution of FtsB could be 
detected, despite a range of d-Desthiobiotin concentrations and incubation times with the d-
Desthiobiotin being trialled (data not shown). This suggested that FtsB-SMALPs were 
incompatible with streptactin purification, and the Strep-Tag was not used for further 
purification. 
As attempts to further purify FtsB using affinity purification had failed, the pooled elutions 
from the Ni-NTA purification were concentrated and proteins were separated on the basis of 
hydrodynamic radius using size exclusion chromatography (SEC). Elution of protein and SMA 
was monitored by absorbance at 280 nm and 254 nm respectively (figure 3.12a). Multiple 
peaks were detected between 8 mL and 18 mL. Aliquots of the 0.5 mL elution fractions 
collected were analysed by SDS-PAGE (figure 3.12b) and western blotting with an anti-HisTag 







Figure 3.12. SEC purification of FtsB. Elution fraction fractions from Ni-NTA purification 
were pooled and injected onto a Superdex 200 Increase 10/300 GL column. The column 
was run at 0.5 mL/min for 25 mL, collecting 0.5 mL fractions. (A) SEC elution profile. Elution 
of protein and SMA from the column was monitored by absorbance at 280nm and 254 nm 
respectively. (B) SDS-PAGE of elution profile. Elution fractions at the given volumes were 
analysed by electrophoresis on an 18% SDS-PAGE gel and protein bands visualised by 
Coomassie staining. (C) The SDS-PAGE was also transferred to a nitrocellulose membrane 




































































Despite having the highest absorbance at both 280 nm and 254 nm, the first sharp peak 
appeared not to contain a large amount of protein. This peak may contain aggregated polymer 
or SMALPs. From the results of the western blot of the elution fractions, FtsB appeared to 
elute broadly between 10-16 mL, with three distinctive peaks at 12 mL, 14 mL and 16 mL. 
Using the trendline equation from the calibration curve of the Superdex 200 Increase 10/300 
GL column (supplementary figure 8.1), these volumes represent molecular weights of 
approximately 300 kDa, 110 kDa and 40 kDa respectively.  
Contaminant 2 co-eluted with FtsB early in the elution profile, until ~ 12.5 mL, while 
contaminant 1 began to elute later at ~13 mL, and the band intensity appeared to be strongest 
at 16 mL, which represents the elution of the fourth peak. Contaminant 1 is the larger of the 
two proteins at 25 kDa, compared to FtsB at 14 kDa, however it eluted later from the column. 
This would suggest it is smaller than the FtsB-SMALP and therefore, it may be a soluble 
protein, as the added molecular weight of the SMALP makes FtsB-SMALPs run ‘larger’ on the 
SEC column than protein weight alone. To identify this contaminant, this higher molecular 
weight band was excised and submitted for protein identification by tandem mass 
spectrometry (MS/MS). The band was identified to be 7-carboxy-7-deazaguanine (CDG) 
synthase, a 25 kDa cytosolic protein. Contaminant 2 was also sent for MS/MS analysis, but due 









3.4 Solubilisation of FtsL using Styrene Maleic Acid 
Using the framework provided by the previous experiments with FtsB, FtsL was similarly 
expressed and solubilised, and then purified on Ni-NTA resin. Figure 3.13 demonstrates that 
FtsL was successfully solubilised on treatment with SMA, and that it could be purified using 
Ni-NTA. As seen with FtsB, a large amount of FtsL did not bind to the resin during incubation, 
as it was detected both in the flow through and wash fractions. However, FtsL can also be 
visibly seen to elute in the higher imidazole fractions, indicating that some FtsL had 
successfully bound to the column. As seen with the FtsB purification, a band around 25 kDa 
co-purified with FtsL in the elution steps. This was predicted to be CDG synthase, as it later 
purified in the same manner during SEC purification and ran to the same molecular weight on 
SDS-PAGE. Another contaminant (contaminant 3) was found during FtsL purification that 
migrated to ~28 kDa.  
Figure 3.13. FtsL Ni-NTA purification. SMA solubilised membranes were incubated with 
Ni-NTA resin overnight and then transferred to a gravity flow column and flow through 
(FT) collected. The resin was washed 4 times with 10 CV 20 mM imidazole buffer (W1-4) 
and then His-Tagged proteins were then eluted 4 times with 1 CV 500 mM imidazole buffer 
(E1-4). Fractions were analysed by electrophoresis on an 18% SDS-PAGE gel and protein 































Figure 3.14. SEC purification of FtsL. Elution fraction fractions from Ni-NTA purification 
were pooled and injected onto a Superdex 200 Increase 10/300 GL column. The column 
was run at 0.5 mL/min for 25 mL, collecting 0.5 mL fractions. (A) SEC elution profile. 
Elution of protein and SMA from the column was monitored by absorbance at 280nm 
and 254 nm respectively. (B) SDS-PAGE of elution profile. Elution fractions at the given 
volumes were analysed by electrophoresis on an 18% SDS-PAGE gel and protein bands 
visualised by Coomassie staining. (C) The SDS-PAGE was also transferred to a 


































































To further purify FtsL, the elution fractions were pooled, concentrated and then separated on 
a Superdex 200 Increase 10/3000 size exclusion column. Figure 3.14a presents the elution 
profile of the sample at both 280 nm and 254 nm, indicating the elution of protein and SMA 
respectively. The profile shows that both protein and SMA eluted across a large range of 
elution volumes, with distinct peaks at 11 mL, 13 mL and 16 mL. Fractions across this profile 
were then analysed by SDS-PAGE and western blotting, as shown in figure 3.14 b&c. FtsL 
eluted between 10 mL and 16 mL, as confirmed by the western blot which detected the HisTag 
of FtsL. As seen with FtsB, CDG synthase eluted at the far end of the profile but eluted with 
less overlap of FtsL compared to FtsB, which is probably due to the higher molecular weight 
of FtsL compared to FtsB. 
Contaminant 3 co-eluted across the profile with FtsL. As the contaminant appeared to be 
around double the molecular weight of FtsL, and these higher molecular weight bands 
contained a His-Tag as confirmed by western blotting (figure 3.14c), it was predicted that 
these bands may be FtsL that had formed SDS-resistant oligomers. To test this hypothesis, 
aliquots of the elution samples were treated with 2-mercaptoethanol to reduce disulfide 
bonds, and then the samples were re-analysed (figure 3.15). After treatment with 2-
mercaptoethanol, the higher molecular weight bands were no longer visible, and their 
absence from the samples was confirmed with western blotting with an anti-His-Tag antibody 
to ensure low levels of the contaminant were no longer present. This confirmed that 
contaminant 3 was in fact FtsL that had formed intermolecular disulfide bonds that were 
resistant to previous reduction treatment. FtsL had previously been reported to form dimers 






undergraduate project carried out mutagenesis of the cysteine residues in FtsL to eliminate 
the formation of disulfide bridges.  The results of this work demonstrated that the mutation 
of the cysteine residues to alanine had no major effect on FtsL oligomerisation in SMALPs 
(Khalil Adasenya, unpublished data). On reduction, light bands also appeared below the FtsL 
protein, which suggested these dimers may be formed by degraded FtsL that has retained its 






Figure 3.15. 2-Mercaptoethanol treatment of FtsL samples. FtsL SEC elution fractions 
at the given volumes were treated with 2-Mercaptoethanol and analysed by 
electrophoresis on an 18% SDS-PAGE gel and transferred to a nitrocellulose membrane 







3.5 Solubilisation of FtsQ using Styrene Maleic Acid 
Finally, FtsQ was purified using the same methods applied to FtsB and FtsL. FtsQ was 
expressed in E. coli BL21(DE3) for 3 hours before collection of cells, preparation of membranes 
and solubilisation with SMA. After incubation with Ni-NTA resin, the resin was washed and 
His-Tagged proteins eluted with imidazole. As shown in figure 3.16, FtsQ was successfully 
solubilised with SMA, and eluted from the Ni-NTA resin on incubation with 500 mM imidazole. 
Little FtsQ was detected in the wash fractions, however a band at the molecular weight of 
FtsQ was seen in the flow through suggesting that not all of the FtsQ had bound to the resin. 
A protein band co-eluting with FtsQ was seen at the same molecular weight as in the FtsB and 
FtsL purifications, therefore it was again predicted to be CDG synthase as per the mass 
spectrometry analysis of the band found in FtsB. 
 
Figure 3.16. FtsQ Ni-NTA purification. SMA solubilised membranes were incubated with 
Ni-NTA resin overnight and then transferred to a gravity flow column and flow through 
(FT) collected. The resin was washed 4 times with 10 CV 20 mM imidazole buffer (W1-4) 
and then His-Tagged proteins were then eluted 4 times with 1 CV 500 mM imidazole buffer 
(E1-4). Fractions were analysed by electrophoresis on an 18% SDS-PAGE gel and protein 




















































Figure 3.17. SEC purification of FtsQ. Elution fraction from the Ni-NTA purification were 
pooled and injected onto a Superdex 200 Increase 10/300 GL column, which was run at 
0.5 mL/min for 25 mL, collecting 0.5 mL fractions. (A) SEC elution profile. Elution of protein 
and SMA from the column was monitored by absorbance at 280nm and 254 nm 
respectively. (B) SDS-PAGE of elution profile. Elution fractions at the given volumes were 
analysed by electrophoresis on an 18% SDS-PAGE gel and protein bands visualised by 
Coomassie staining. (C) The SDS-PAGE was also transferred to a nitrocellulose membrane 






























FtsQ eluted from the Ni-NTA resin was further purified by size exclusion chromatography on 
a Superdex 200 Increase 10/300 column, collecting 0.5 mL fractions and following the elution 
of protein and SMA at 280 nm and 254 nm respectively (figure 3.17a). Compared to FtsB and 
FtsL an unusually large peak at 8.5 mL, which represents aggregated material, was seen when 
purifying FtsQ. Subsequently, three distinct peaks eluted from the column, the first at 12 mL, 
then 14 mL and 16 mL. These elution fractions were then analysed by SDS-PAGE and western 
blotting (figure 3.17b&c). The elution of FtsQ from the column could be seen with faint bands 
between 11 mL and 15 mL, the volumes attributed to peak 1 and peak 2. This was confirmed 
with western blotting, which highlighted the elution of FtsQ between 10 mL and 16 mL, but at 
concentration undetectable by Coomassie staining. As predicted from the purification of FtsB 
and FtsL, the 25 kDa contaminant presumed to be CDG synthase eluted later from the elution 
profile at 16 mL, and due to the combined molecular weight of FtsQ and the SMALP disc, there 




The first aim of this chapter was to clone the full-length ftsB, ftsL and ftsQ genes from the E. 
coli genome into an appropriate expression vector, and to overexpress these proteins in E. 
coli. Using traditional restriction digest methods, the full-length genes were successfully 
cloned into an expression vector, and the proteins were then each expressed in E. coli. 
Expression of all three proteins was successfully detected across a 20-hour induction time 






overnight, therefore limiting the growth of induced cells to only 3 hours. Compared to cells 
expressing FtsQ, cells expressing FtsB and FtsL also demonstrated a reduced growth rate upon 
induction. Previous studies have found that that the interaction of FtsB and FtsL protects both 
proteins from degradation (Buddelmeijer et al., 2002; Gonzalez and Beckwith, 2009; 
Wadenpohl and Bramkamp, 2010).  Therefore, increasing the expression levels of FtsB without 
increasing FtsL levels may result in insufficient FtsL for FtsB to associate with, leaving FtsB 
vulnerable to degradation, and vice versa in the case of FtsL overexpression. In comparison, 
FtsQ is stable in absence of its association with FtsB and FtsL, which may explain why 
expression of FtsQ was stable across all time points. By trialling multiple growth conditions, 
expression levels of each protein were improved sufficiently to proceed to large scale 
expression and protein preparation.  
The second aim of this chapter was to establish whether SMA can efficiently solubilise the 
over-expressed proteins from the membrane and whether these proteins can then be 
adequately purified using IMAC and SEC methods. The results shown in this chapter 
demonstrate that SMA can successfully solubilise all three proteins from the membrane, 
however, there were significant challenges to purification, such as inefficient binding to Ni-
NTA resin. SMALPs are around 10 nm wide, and this additional structure around the 
membrane protein may partially occlude purification tags on the protein. One solution to this 
problem would be to investigate using a tag at the opposite terminus of the protein, however, 
for FtsB use of the StrepTag II at the N-terminus was also unsuccessful as no protein could be 






flexible linkers to increase the distance between the protein and the purification tag and 
therefore improve the accessibility of the tag (Chen, Zaro and Shen, 2013). 
Another common issue in the purification of all three proteins was the co-purification of 
contaminants at concentrations similar to the protein of interest. One common contaminant 
migrated to a molecular weight of 25 kDa. Using mass spectrometry, this contaminant was 
found to be 7-carboxy-7-deazaguanine (CDG) synthase, a 25 kDa cytosolic protein encoded by 
the queE gene. CDG synthase is one of the four enzymes that syntheses GTP into preQ0, a 
precursor of the hypermodified base queuosine found in tRNA (McCarty et al., 2009). Co-
purification of the cytosolic protein due to an innate affinity for Ni-NTA resin appeared 
unlikely, as E. coli membranes were separated from soluble proteins before being solubilised 
and therefore high levels of free cytosolic proteins were not expected to be in the preparation 
that was loaded onto the Ni-NTA resin. Additionally, inspection of the protein sequence of 
CDG-synthase revealed no histidine clusters that may interact with the resin. Therefore, it was 
postulated that CDG synthase may be interacting with FtsB.  
Recently, a study by Yadavalli et al. (2016) discovered a surprising link between CDG synthase 
and cell division. When E. coli were grown in sub-lethal concentrations of the antimicrobial 
peptide C18G, it caused the cells to filament. These filamentous cells had a continuous 
cytoplasm, which suggested filamentation was due to septation being blocked. Additionally, 
the cells displayed intact Z rings uniformly along their length, which would suggest that 
division had been blocked sometime after the assembly of the early divisome. In the search 
for genes involved in this morphology, deletion screening found that filamentation was 






expression caused filamentous growth in wild type cells. How CDG synthase causes this 
filamentation was investigated and it was discovered that spontaneous mutations in ftsA or 
ftsZ suppress queE induced filamentation. Considering these findings, and that CDG synthase 
was seen to colocalise with Z rings during filamentation, it was predicted that CDG synthase 
blocks cell division by binding directly to a component of the divisome. Further experiments 
would be needed to confirm to interaction of the FtsBLQ complex with CDG-synthase, 

























CHAPTER 4: CHARACTERISATION OF THE COMPONENTS OF 









Due to the difficulties in expressing and purifying the components of the FtsBLQ complex, very 
little is known about how these proteins self-associate and associate with one another. Much 
of what is known about the binding of the components has been discovered through 
mutagenesis and co-immunoprecipitation, which provides information about the presence 
and absence of binding and the regions important for this, but cannot indicate the 
oligomerisation states of these complexes. In order to gain further information on the homo-
oligomerisation states of the components, each protein must first be solubilised. As the 
solubilisation of full-length proteins was not successful in many studies, focus moved to the 
periplasmic domain, which could be purified as a soluble domain. However, as coiled coils 
tend to be unstable in isolation, therefore requiring fusion to stabilising coils such as the 
bacteriophage GP7 protein in order to be studied (LaPointe et al., 2013). Therefore, the first 
aim of this chapter was to investigate whether SMALP solubilisation supports the preparation 
of full-length folded proteins in the native environment. 
The aforementioned studies using the periplasmic domains of the FtsBLQ proteins have been 
hugely beneficial in producing structural information. However, it has been shown that the 
transmembrane region of FtsB homo-oligomerises in isolation (Khadria and Senes, 2013; 
LaPointe et al., 2013), and that the absence of a transmembrane region can affect the 
interaction of FtsBLQ components (Glas et al., 2015; Choi et al., 2018). Consequently, including 
the transmembrane region in the characterisation of these proteins may further elucidative 






therefore to investigate whether SMALP solubilisation can aid the elucidation of the homo-
oligomerisation states of the full-length components of the FtsBLQ complex.  
 
4.2 Circular Dichroism of SMA solubilised FtsB and FtsL 
Circular dichroism is a spectroscopy technique that measures the differential absorption of 
left and right circularly polarised light by a molecule. This can be particularly useful in the 
estimation of protein structure, as these structures display well-defined motifs due to the 
chiral arrangement of h®p* and p®p* transitions in the peptide backbone. An a-helical CD 
spectrum has two negative peaks at 208 nm and 222 nm, and a positive peak at 195 nm. The 
b-sheet CD is less well-defined as they are structurally more variable, but is generally found 
to have a negative band around 215-219 nm and a positive band at 195-202 nm. 
To determine whether SMA solubilised FtsB/L/Q proteins were properly folded, purified 
samples were pooled and analysed by circular dichroism (CD). FtsB and FtsL are predicted to 
form coiled-coil structures, and the periplasmic region of FtsB has been successfully 
crystallised and shown to have an alpha-helical structure (LaPointe et al., 2013). In the CD 
analysis, FtsB and FtsL both demonstrated two clear negative peaks, with one minimum at 
208 nm and the other at 226 nm (figure 4.1). Small shifts in the CD spectra of membrane 
proteins is a known phenomenon due to the dielectric constant of the phospholipid bilayer 
being largely different from that of water (Miles and Wallace, 2016). Therefore, the peak 
minimum at 226 nm was assigned as a shifted peak from 222 nm and the spectra were both 
confirmed to be that of a folded a-helical protein within SMALPS. Due to the low 






results demonstrate that SMA-solubilised FtsB and FtsL were folded into the predicted a-
helical structure within the disc, therefore this method of solubilisation does not significantly 
disrupt native structure.  
Figure 4.1. CD analysis of SMALPs. Elution fractions from the SEC purification of (A) FtsB-
SMALPs and (B) FtsL SMALPs that were found to be free of contaminant were analysed 
by CD spectroscopy to assess secondary structure.  Measurements were made on a JASCO 
J-1500 Circular Dichroism Spectrophotometer controlled by Spectra Manager software. 
Measurements were taken in a quartz glass cuvette, with a pathlength of 1 mm, and a 
protein concentration ~0.1 mg/mL. Each spectrum is an average of 5 scans. Baseline 
spectra taken with the buffer in which the sample had been prepared were subtracted 
from the sample spectra and the resulting spectrum smoothed using the Savitzky-Golay 







4.3 Thermal stability comparison of FtsB in SMA and detergent 
When the periplasmic domain of FtsB was purified by fusion to the globular Gp7 protein, CD 
thermal melts demonstrated that the protein became nearly completely unfolded when the 
temperature was increased from 5°C to 40°C, with a greater than 50% loss of CD signal at 222 
nm (LaPointe et al., 2013). SMA solubilisation has previously been reported to offer increased 
thermal stability of proteins compared to traditional detergents (Knowles et al., 2009), 
therefore, thermal melt studies were conducted with FtsB solubilised in both SMA and n-
Dodecyl-β-D-Maltopyranoside (DDM) in order to assess whether SMA offers improved 
thermal stability over periplasmic and detergent preparations. FtsB was overexpressed in E. 
coli, and then FtsB-SMALPs were purified from one half of the prepared membranes. The 
other half of the membranes were solubilised with DDM, and FtsB was purified using Ni-NTA 
resin (figure 4.2). FtsB was successfully solubilised by DDM, and appeared to purify to a higher 
purity than SMA solubilsed FtsB, with no visible contaminants detected by Coomassie staining.  
Figure 4.2. DDM-FtsB Ni-NTA purification. DDM solubilised membranes were incubated 
with Ni-NTA resin overnight and then transferred to a gravity flow column and flow through 
(FT) collected. The resin was washed 6 times with 10 CV 20 mM imidazole buffer (W1-6) and 
then His-Tagged proteins were then eluted 5 times with 1 CV 500 mM imidazole buffer (E1-
5). Fractions were analysed by electrophoresis on an 18% SDS-PAGE gel and protein bands 
























Very little FtsB was lost during the wash steps, indicating FtsB was tightly bound to the resin. 
DDM-purified FtsB also yielded a higher concentration across the elutions compared to SMA-
FtsB, at an average of 100 µg/ml compared to 25 µg/ml, and required a higher volume of 
elution to remove all bound protein. This suggested that more FtsB had bound to the resin in 
the DDM sample. The elution samples were further purified by SEC purification and elution 
fractions containing FtsB were pooled for CD analysis. 
FtsB-SMALPs and DDM-FtsB samples were diluted to 0.1 mg/mL and thermal melt studies 
were conducted. CD spectra were taken at 5°C intervals between 15°C and 95°C, allowing the 
sample to equilibrate to the measurement temperature before each spectrum was taken. As 
seen in figure 4.3a and b, both the FtsB-SMALP and DDM sample displayed a degree of 
unfolding as a result of increased temperature, demonstrated by gradual reduction of CD 
signal across the spectra. Measurements below 205 nm for SMA samples and below 210 nm 
for DDM samples were found to exceed the high tension (HT) voltage cut limit at increased 
temperatures and therefore are not accurate representations of secondary structure changes. 
This behaviour is common during thermal melt experiments, and the HT cut-off is commonly 
increased by around 6 nm during temperature increases from 20°C to 85°C (Miles and 
Wallace, 2016). Therefore, to accurately assess secondary structure changes, the CD of each 
sample was assessed at a single wavelength of 222 nm, which translates to one of the peaks 
for a helical structure. This wavelength was unaffected by HT changes during temperature 
ramping. Changes were expressed in percentage change in relation to the sample at 15°C, in 








Figure 4.3. Thermal Melt CD analysis of FtsB. (A) SMALP-FtsB and (B) DDM-solubilised 
FtsB were analysed by thermal melt CD.  Measurements were made on a JASCO J-1500 
Circular Dichroism Spectrophotometer. Measurements were taken in a quartz glass 
cuvette, with a pathlength of 10 mm, and a protein concentration ~0.1 mg/mL. Samples 
were heated from 15°C to 95°C at 5°C intervals, allowing the sample to equilibrate to the 
measurement temperature before sprectra were measured. Each spectrum is an average 
of 5 scans and the resulting spectrum was smoothed using the Savitzky-Golay method 
within the Spectra Manager software. (C) Comparison of the percentage change in CD 







Compared to DDM-solubilised FtsB, FtsB-SMALPs were subject to smaller changes in CD signal 
as the temperature increased, suggesting that they are more thermally stable. Both DDM- and 
SMA-solubilised FtsB samples demonstrated improved stability over published thermal melt 
data for the FtsB periplasmic domain purified in isolation (LaPointe et al., 2013). These results 
demonstrate that expression of full-length FtsB can improve stability of the protein compared 
to truncates, and that SMA solubilisation of this protein offers improved stability over the 
traditional detergent solubilisation, although this was only tested using DDM. 
4.4 Lipid analysis of DDM- and SMA-solubilised FtsB 
The lipid cardiolipin (CL) has been demonstrated to preferentially localise to the septum and 
poles in living E. coli cells (Mileykovskaya and Dowhan, 2000). This localisation pattern is 
predicted to arise as a consequence of membrane curvature sensing by CL (Renner and 
Weibel, 2011), and has been found to play an important role in the targeting of membrane 
proteins to the polar region (Romantsov et al., 2007). Additionally, MinD, which is part of a 
complex that enforces the formation of the Z ring at mid-cell (see section 1.1.4), has been 
shown to display a preference towards anionic phospholipids (Szeto et al., 2003), dictated by 
its membrane targeting sequence (MTS). As the MTS of MinD has been shown to be 
functionally interchangeable with the MTS of FtsA, successfully targeting FtsA to the Z ring 








These studies demonstrate the importance of the lipid composition of membranes for protein 
localisation and function, however most membrane protein solubilisation methods strip the 
surrounding lipids, making analysis of a protein’s native lipid environment difficult. In 
comparison, SMALPs have been reported to preserve the native lipid environment around 
membrane proteins, and recent work has demonstrated that lipids extracted from SMA 
solubilised membrane proteins show distinct lipid profiles between proteins (Teo et al., 2019).  
To confirm whether SMA solubilisation of Fts- proteins can similarly capture the native lipid 
environment of the membrane proteins, thin-layer chromatography (TLC) analysis was 
performed (figure 4.4). Samples were prepared from E. coli membranes overexpressing FtsB, 
purified FtsB solubilised with DDM and purified FtsB solubilised with SMA. These samples 
Figure 4.4. Thin-layer chromatography. Thin-layer chromatography of the lipid content of 
E. coli membranes overexpressing FtsB, DDM-solubilised FtsB and FtsB-SMALPs. E. coli 
polar lipids (PL) were included for reference. The positions of phosphatidylglycerol (PG), 
phosphatidylethanolamine (PE) and cardiolipin (CL) are shown. Transfer studies were 




























were analysed alongside commercial E. coli polar lipids as a control. As expected, the DDM 
sample had no visible lipids, confirming that detergent preparation removes native lipids 
surrounding the protein during solubilisation. In comparison, the SMA sample had copurified 
with both phosphatidylglycerol (PG) and phosphatidylethanolamine (PE), the predominant 
lipids of the membrane as shown in the FtsB membrane sample. Cardiolipin was not detected, 
however SMA samples were loaded at a lower than optimal concentration due to purification 
constraints therefore cardiolipin may be present but at a concentration below the detection 
limit for this method. These results show that SMA solubilisation of membrane proteins can 
provide additional information about the native environment compared to traditional 
preparation methods, and this may be useful in piecing together how the divisome is localised 
and controlled.  
 
4.4 Native-PAGE for studying homo-oligomerisation 
The homo-oligomerisation state of FtsQ has been highly debated in the literature. FtsQ self-
interaction has been detected in vivo by D’Ulisse et al. (2007) and crystallised by van den Ent 
et al. (2008), while subsequent studies using analytical ultracentrifugation (AUC) and 
photocrosslinking have found FtsQ to be monomeric (van den Ent et al., 2008; van den Berg 
van Saparoea et al., 2013). However, these results were found when only the periplasmic 
portion of FtsQ was expressed, therefore, as predicted by (D’Ulisse et al., 2007) the 






length, and is supported by the native lipid environment, therefore this technique may be 
useful in elucidating the homo-oligomerisation state of FtsQ.  
Native-PAGE is an electrophoresis technique which allows the analysis of proteins in a non-
denaturing, non-reducing environment, therefore keeping the protein in its native, folded 
state. In blue native-PAGE (BN-PAGE) Coomassie dye is introduced into the cathode buffer to 
provide charge to the sample for separation which is usually contributed by sodium dodecyl 
sulfate (SDS) in SDS-PAGE. BN-PAGE has been used to successfully separate intact membrane 
protein complexes (Peng et al., 2011), and membrane protein complexes extracted from BN-
PAGE have been demonstrated to remain enzymatically active (Schägger and von Jagow, 
1991). Recently, native-PAGE has been successfully used to study the oligomerisation of 
proteins within SMALPS, and was shown to be a robust method for the evaluation of 
quaternary structure within the disc (Pollock et al., 2019). SMALPs extracted from the gel were 
intact and able to be visualised by negative stain electron microscopy. Additionally, the lipid 
within the SMALP was amenable to extraction and characterisation by mass spectrometry. 
Therefore, native-PAGE of SMALPs offers a methodology for the identification of membrane 
complexes in a manner which requires very little sample, as large sample demands are often 
a roadblock in the characterisation of membrane proteins.  
To determine whether BN-PAGE can predict the oligomeric state of FtsQ in SMALPs, affinity 
purified FtsQ was separated on a Superdex 200 Increase 10/300 GL SEC column, and the 
elution fractions were analysed by both SDS-PAGE and BN-PAGE (figure 4.5). When separated 







Figure 4.5. BN-PAGE of FtsQ. Elution fractions from Ni-NTA purification were pooled 
and injected onto a Superdex 200 Increase 10/300 GL column. The column was run at 
0.5 mL/min for 25 mL, collecting 0.5 mL fractions. Elution was followed at 280 nm for 
detection of protein, as shown in the trace (bottom). Elution fractions at the given 
volumes were analysed by SDS-Page (top) and BN-PAGE (middle) electrophoresis on 

































































































When these elutions fractions are separated by BN-PAGE, two populations of diffuse bands 
are seen at ~150 kDa and ~70 kDa, eluting between 12 mL and 15.5 mL, and a sharp band at 
20 kDa was seen only in the 15.5 mL elution sample. To confirm which bands could be assigned 
to FtsQ, the BN-PAGE was transferred to a nitrocellulose membrane and probed with an anti-
6XHis antibody (figure 4.6).  
 
The western blot of the BN-PAGE demonstrated that the protein band at 70 kDa can be 
attributed to His-Tagged FtsQ. As BN-PAGE separated SMALPs have been demonstrated to 
migrate to a molecular weight consistent with the weight of the contained protein (Pollock et 
al., 2019), the migration of FtsQ-SMALPs to 70 kDa would suggest that these SMALPs contain 
dimeric FtsQ. The 140 kDa band found in the Coomassie stained BN-PAGE was partially 



































Figure 4.6. Western blot of FtsQ BN-PAGE. Elution fractions from Ni-NTA purification 
were pooled and injected onto a Superdex 200 Increase 10/300 GL column. The 
column was run at 0.5 mL/min for 25 mL, collecting 0.5 mL fractions. Elution fractions 
at the given volumes were analysed by BN-PAGE electrophoresis on an 4-16% Bis-Tris 







This molecular weight would represent tetrameric FtsQ or the presence of two dimers of FtsQ 
in the same disc. There is currently no evidence for tetrameric FtsQ, therefore it would be 
likely that a small amount of dimeric FtsQ can be solubilised into the same SMALP. The protein 
band at 20 kDa in the Coomassie-stained BN-PAGE was not detected in the western blot, 
therefore this represents the 25 kDa contaminant which is not His-tagged. No bands were 
detected in the Coomassie stained BN-PAGE or the western blot at 30 kDa therefore there 
was no evidence of monomeric FtsQ in this sample. 
As BN-PAGE had successfully identified the molecular weights of oligomeric states in FtsQ-
SMALPs, this technique was then applied to FtsB and FtsL in SMALPs. FtsB and FtsL are both 
predicted to form homodimers (Villanelo et al., 2011), and in vivo the transmembrane 
domains of these protein can dimerise (LaPointe et al., 2013); however, efforts to reconstruct 
their association in vitro been unsuccessful without the use of fusions to coiled-coils that 
enforce dimeric associations (Glas et al., 2015; Choi et al., 2018).  
After separation by SEC on a Superdex 200 Increase 10/300 GL column, the elution fractions 
of FtsB SMALPs were separated by SDS-PAGE and BN-PAGE. As seen in FtsQ samples, FtsB-
SMALPs migrate as a single band at 16 kDa. Two major contaminants are present which 
migrate to 21 kDa and 25 kDa. When these elution fractions were separated by BN-PAGE, 
diffuse bands were seen between 11.5 mL and 15.5 mL. These bands migrated to 
approximately 380 kDa, 120 kDa 60 kDa and 30 kDa. Sharp bands migrating to around 20 kDa 























































































































































































Figure 4.7. BN-PAGE of FtsB. Elution fractions from Ni-NTA purification were pooled 
and injected onto a Superdex 200 Increase 10/300 GL column. The column was run at 
0.5 mL/min for 25 mL, collecting 0.5 mL fractions. Elution was followed at 280 nm for 
detection of protein, as shown in the trace (bottom). Elution fractions at the given 
volumes were analysed by SDS-Page (top) and BN-PAGE (middle) electrophoresis on 






As both the 20 kDa and the 25kDa contaminant had previously been confirmed not to contain 
a His-tag (figure 3.12c), the BN-PAGE was transferred to a nitrocellulose membrane and 
western blotting was performed with an anti-6xHis antibody to identify the bands containing 
His-tagged FtsB (figure 4.8). The western blot showed that all diffuse bands between 380 kDa 




Figure 4.8. Western blot of FtsB BN-PAGE. Elution fractions from Ni-NTA purification 
were pooled and injected onto a Superdex 200 Increase 10/300 GL column. The 
column was run at 0.5 mL/min for 25 mL, collecting 0.5 mL fractions. Elution fractions 
at the given volumes were analysed by BN-PAGE electrophoresis on an 4-16% Bis-Tris 

































The migration of FtsB-SMALPs to 30 kDa would suggest that these SMALPs contain dimeric 
FtsB. The higher molecular weight bands at 60 kDa, 120 kDa and 380 kDa may be higher-order 
structures of these dimers, however it is not clear whether these dimers are associating within 
the disc or whether the SMALPs simply capture multiple dimers. In comparison to FtsQ, which 
is a larger and more globular protein, FtsB dimers appear to achieve a higher number of dimers 
within one SMALP, therefore it may be that the extended a helical structure of FtsB allows for 
multiple dimers to be captured inside the same SMALP. Monomers of FtsB would migrate to 
15 kDa, which cannot be resolved on 4-16% native-PAGE gels, therefore the presence of 
monomers in these samples cannot be ruled out. For future experiments on low molecular 
weight proteins within SMALPs, native-PAGE gels that allow better resolution of the 1-100 kDa 
molecular weight range would be useful. 
Finally, the above methodology was applied to FtsL-SMALPs (figure 4.9). FtsL-SMALPs elute 
between 10 mL and 16 mL and when separated by SDS-PAGE migrate to a single band at 16 
kDa. A 25 kDa contaminant appears in only the 16 mL elution volume. When separated by BN-










Figure 4.9. BN-PAGE of FtsL. Elution fractions from Ni-NTA purification were pooled 
and injected onto a Superdex 200 Increase 10/300 GL column. The column was run at 
0.5 mL/min for 25 mL, collecting 0.5 mL fractions. Elution was followed at 280 nm for 
detection of protein, as shown in the trace (bottom). Elution fractions at the given 
volumes were analysed by SDS-Page (top) and BN-PAGE (middle) electrophoresis on 


















































































































































A western blot of the BN-PAGE confirmed that these bands all contain His-tagged FtsL (figure 
4.10). As seen in the FtsB-SMALPs, the smallest molecular weight band at 30 kDa indicates 
that FtsL within these discs is in a dimeric state. Higher molecular weight bands are then 
representative of higher order structures of these dimers, or multiple non-interacting dimers 
























































Figure 4.10. Western blot of FtsL BN-PAGE. Elution fractions from Ni-NTA purification 
were pooled and injected onto a Superdex 200 Increase 10/300 GL column. The column 
was run at 0.5 mL/min for 25 mL, collecting 0.5 mL fractions. Elution fractions at the given 
volumes were analysed by BN-PAGE electrophoresis on an 4-16% Bis-Tris gel and 







4.5 Investigating the effect of the Gln16 mutation on FtsB oligomerisation with 
BN-PAGE 
Using the TOXCAT assay for transmembrane association, LaPointe et al. (2013) demonstrated 
that the self-association of FtsB transmembrane helices is mediated by an evolutionarily 
conserved glutamine at position 16. Substitution of this polar amino acid with hydrophobic 
amino acids reduced oligomerisation by up to 90%, and substitution of this amino was found 
to be the most disruptive in comparison to other amino acids in the transmembrane region. 
Polar amino acids within transmembrane regions are often found to be important for 
interhelical hydrogen bonding (Bowie, 2011), therefore Gln16 may support FtsB self-
association in this manner. However, this study was carried out with only the transmembrane 
region of FtsB, therefore to understand the contribution of Gln16 to the homodimerisation of 
FtsB, it would be useful to consider these mutations in the context of the full length protein.  
In section 4.4, it was demonstrated how BN-PAGE provides a method for defining protein 
oligomerisation within SMALPs. The aim of the following experiment was to use BN-PAGE to 
define the oligomeric state of FtsB with a Gln16 mutation in the transmembrane region, to 
determine whether this mutation continues to be disruptive in the full length protein.  
To determine the effect of a Gln16 mutation on the self-association of full length FtsB, a 
glutamine to alanine substitution was chosen. This was because in the LaPointe et al. (2013) 
TOXCAT assay, alanine had the largest negative effect on transmembrane association. The 
mutation was introduced to the ftsB gene in the pET52b-ftsB plasmid by Q5 site-directed 







The FtsB Q16A mutant was expressed, solubilised and purified as per the wild-type protein, 
and showed no changes in expression level, solubilisation yield or purity to wild-type FtsB 
(data not shown). Ni-NTA purified FtsB Q16A was then separated by SEC on a Superdex 200 
Increase 10/300 GL column. Figure 4.12a compares the elution profile of wild type FtsB and 
the Q16A mutant; no obvious differences in the profile were seen between the two proteins. 
The elution fractions of Q16A were collected for analysis by BN-PAGE and compared to the 
BN-PAGE of wild-type FtsB (figure 4.12b). In the wild-type, as discussed in section 4.4, FtsB-
SMALPs migrated to 30, 60, 120, and 380 kDa under BN-PAGE. In the Q16A mutant, the 
SMALPs migrating to each of these molecular weights could be identified. This suggests that 
the Q16A mutation has not affected FtsB oligomerisation within SMALPs in a manner that can 
be detected by BN-PAGE. 
Figure 4.11. Site directed mutagenesis of FtsB. Glutamine 16 (red) in the FtsB 
transmembrane domain was mutated to alanine (green) using Q5 site directed 
mutagenesis. Non-overlapping primers were designed to introduce the mutation into 
pET52b-ftsb  
CTA ACG CTG CTG TTG CTG GCT ATT CTG GTC TGG CTA CAG TAT TCG CTG TGG TTC
L T L L L L A I L V W L Q Y S L W F
G GTC TGG CTA GCG TAT TCG CTG TGG
CTA ACG CTG CTG TTG CTG GCT ATT CTG GTC TGG CTA CAG TAT TCG CTG TGG TTC
C GAC AAC GAC CGA TAA GA
CTA ACG CTG CTG TTG CTG GCT ATT CTG GTC TGG CTA GCG TAT TCG CTG TGG TTC
L T L L L L A I L V W L A Y S L W F










































Figure 4.12. Effect of Q16A mutation on FtsB oligomerisation. Wild type and Q16A 
FtsB were individually injected onto a Superdex 200 Increase 10/300 GL column. The 
column was run at 0.5 mL/min for 25 mL, collecting 0.5 mL fractions. (A) Elution was 
followed at 280 nm for detection of protein. (B) Elution fractions at the given volumes 
were analysed by BN-PAGE electrophoresis on an 4-16% Bis-Tris gel and protein bands 







The first aim of this chapter was to investigate the stability of the FtsBLQ components within 
SMALPs. Circular dichroism studies of FtsB and FtsL confirmed that these proteins retained 
their predicted structure within the SMALP. Additionally, comparisons between DDM and 
SMA-solubilised FtsB demonstrated the improved thermal stability of the protein when 
contained within a SMALP. Due to the low protein yield of FtsQ, structural characterisation of 
this protein could not be completed. Low yield of all three proteins, typically <0.2 mg per 
preparation using 6 L of media, also prevented further characterisation by higher resolution 
methods such as small angle X-ray scattering and electron microscopy. To achieve higher 
resolution data of these proteins within SMALPs in future experiments, protein yield would 
need to be increased. The data shown in this chapter presents protein preparations from 6 
litres of bacterial culture, therefore scaling up the culture volume is possible, but it would be 
labour intensive, and many laboratories cannot support very large culture volumes. As 
discussed in chapter 3, a large proportion of the SMA-solubilised target protein is lost during 
resin binding in purification, therefore further investigation into improving binding would 
likely increase the yield from SMALP preparations. An alternative to these changes is to use a 
different method of protein expression. Cell-free expression offers increased yields of proteins 
that are typically toxic to E. coli when overexpressed. The overexpression of FtsB and FtsL was 
determined to be detrimental to E. coli growth in chapter 3, therefore cell-free expression 
could allow for higher-level expression of these proteins. Additionally, cell-free expression has 
been used in conjunction with Nanodiscs, a system similar to SMALPs which instead utilises a 






assembled directly into Nanodiscs without the use of detergents (Malhotra and Alder, 2014). 
However, Nanodiscs complicate downstream studies due to the presence of a protein scaffold 
that, for example, would contribute to CD spectra. Therefore, an interesting avenue would be 
to investigate whether SMALPs can similarly be used as a platform for cell-free expression of 
membrane proteins. 
The second aim of this chapter was to investigate the oligomerisation of each of the FtsBLQ 
proteins within SMALPs. Due to the difficulties of protein yield, common techniques for 
studying oligomerisation states such as analytical ultracentrifugation were not possible. 
However, recently it was shown that Native-PAGE, which requires less than 100 ng of protein 
per sample, can be used to measure the quaternary structure of proteins within SMALPs 
(Pollock et al., 2019). Therefore, this technique was applied to SMA solubilised FtsB, FtsL and 
FtsQ in order to analyse each of their oligomeric states and was found to successfully identify 
multiple states within each protein. All three proteins were found to migrate to a molecular 
weight in agreement with the presence of dimers within the SMALP. The dimerisation of FtsB, 
FtsL and FtsQ has been widely debated (Masson et al., 2009; Villanelo et al., 2011; Glas et al., 
2015; Choi et al., 2018), therefore this technique presents a simple method of confirming 
predicted oligomerisation, using proteins contained in the native lipid environment.  
One drawback of the BN-PAGE method is that it is not possible to distinguish between larger 
oligomers and multiple smaller oligomers, for example, a tetramer or two dimers. As the 
target proteins have been overexpressed into the membrane, it would not be unlikely for 
protein density to be high enough to capture multiple non-interacting dimers within the same 






as 1,5-difluoro-2,4-dinitrobenzene (DFDNB). These linkers will only crosslink proteins in very 
close contact, therefore would likely capture dimers/tetramers but not unbound proteins in 
the same disc. The use of crosslinkers was trialled during this study, however this approach 
was challenging due to samples appearing excessively smeared when analysed by SDS-PAGE 
(data not shown). It is possible that proteins in different discs were cross-linked, therefore 
causing large-scale aggregation within the sample. Future experiments would benefit from 
trialling a range of available crosslinkers that target different functional groups. 
Finally, the Native-PAGE technique was used to investigate the effect of mutating Gln16 in the 
FtsB transmembrane region that has been predicted to be critical in FtsB transmembrane self-
association (LaPointe et al., 2013). When this mutant was compared to wild-type FtsB, no 
change in quaternary structure was seen in the Native-PAGE analysis. This suggests that while 
this amino acid may be critical in the context of the isolated transmembrane region, in full-
length FtsB inter-helical interactions in the periplasmic region may support FtsB self-
association therefore counteracting the effect of the mutation. Future experiments may 
therefore consider a larger panel of mutations for screening, combining multiple mutations to 





































The work of the previous chapters has demonstrated that SMA can successfully solubilise the 
individual proteins of the FtsBLQ complex, and that these proteins can be studied by a range 
of techniques such as circular dichroism and native-PAGE. These experiments also 
demonstrated that SMALPs can capture each protein in multiple homo-oligomeric states. The 
next aim of this thesis was to determine whether SMALPs can similarly be used to purify the 
proteins in complex with one another. FtsB and FtsL have been demonstrated to associate 
with one another in the absence of FtsQ and before their localisation to the mid-cell 
(Goehring, Gonzalez and Beckwith, 2006), therefore the FtsB/FtsL subcomplex was chosen to 
investigate the use of SMA in the purification of membrane protein complexes.  
Previous attempts to co-purify the periplasmic regions of FtsB and FtsL found that these 
domains do not interact when purified in isolation (Masson et al., 2009; Glas et al., 2015). 
Therefore, most studies of FtsB and FtsL in complex have been carried out with an artificially 
constrained dimer of the periplasmic regions, which is enforced by fusing the periplasmic 
regions to artificial coils of opposite charge (Masson et al., 2009; Glas et al., 2015; Choi et al., 
2018). Other studies have focused on only the transmembrane regions, which have been 
demonstrated to associate as a 1:1 ratio higher order oligomer in vitro, and this was 
hypothesised to be indicative of an FtsB/FtsL tetramer (Khadria and Senes, 2013). Purifying 
the full-length FtsB/FtsL subcomplex in SMALPs offers the opportunity to determine the 
interaction of these proteins in the native lipid environment, therefore once the subcomplex 
had been purified, the second aim of this chapter was to characterise the oligomeric state of 






5.2 Co-expression of FtsB and FtsL 
Previous attempts to overexpress both FtsB or FtsL overnight had resulted in a marked 
decrease in expression levels compared to expression for only 3 hours (see section 3.3). The 
interaction between FtsB and FtsL has previously been shown to stabilise the proteins, 
therefore it was hypothesised that the overexpression of only one of the proteins may leave 
the protein unprotected and therefore prone to degradation. Cells overexpressing only one 
of the components of the FtsBLQ complex were also shown to filament, suggesting that 
uncoupling the expression of these proteins leads to dysfunctional cell division. Co-expression 
of FtsB and FtsL was therefore predicted to restore normal growth and support higher level 
protein expression. 
FtsB and FtsL had previously been expressed from the same expression vector, therefore for 
co-expression it was necessary to express FtsL into a vector with a different resistance marker 
to allow selection for both vectors. FtsL was therefore expressed from a pET28a-ftsL vector, a 
kind gift from Dr Ian Cadby, University of Birmingham. To ensure that this vector did not differ 
in FtsL expression levels compared to the pET52b vector, all expression trials were repeated 
with pET28a-ftsL (figure 5.1). E. coli BL21(DE3) competent cells were transformed with 
pET52b-ftsB, pET28a-ftsL or co-transformed with both plasmids. Overnight cultures of these 
transformants were used to inoculate 1 L of LB broth and grown at 37°C until the cells were in 
the exponential growth phase, indicated by an OD600 of 0.4-0.6. The cultures were then cooled 
to 18°C and induced with IPTG. Time-points were taken before induction, and then at 1, 3, and 
20 hours post induction. These samples were then analysed by SDS-PAGE and western blotting 






As demonstrated in chapter 3, upon IPTG induction FtsB expressed to a similar level between 
1 and 9 hours, however at the 20 hours post-induction the expression levels were significantly 
reduced. FtsL also expressed to a similar level across all three time points, however a second 
lower molecular weight band beneath that of FtsL was visible, possibly suggesting the 
degradation of FtsL, and at 20 hours post induction higher molecular weight products were 
seen. This may be as a result of interactions between degradation products or of aberrant 
protein expression. When FtsB and FtsL are co-expressed, the expression level of His-tagged 
protein increased with time, including at the 20-hour time point; however, the resolution of 
FtsB and FtsL expression levels was not possible, even with the use of 18% SDS-PAGE gels. 




















































Figure 5.1. Co-expression of FtsB and FtsL. E. coli BL21(DE3) transformed with the 
expression vector pET52b-ftsB, pET28a-ftsL or co-transformed with both vectors were 
grown to an OD600 of 0.6 and then either induced with 0.5 mM IPTG or left uninduced. (A) 
The expression levels of the three proteins were assessed at 0, 1, 3 and 20 hours after 






As co-expression of FtsB and FtsL appeared to support the expression of these protein for 
longer time periods, it was also investigated whether co-expression also reduced the 
filamentation morphology seen previously. Aliquots of the samples shown in the expression 
trial were fixed with paraformaldehyde to prevents further growth and were visualised by 
phase contrast microscopy (figure 5.2).  
Figure 5.2. Microscopy of cell morphology. E. coli BL21(DE3) either untransformed or 
transformed with the expression vector pET52b-ftsB, pET25a-ftsL or co-transformed with 
both vectors were grown to an OD600 of 0.6 and then induced with 0.5 mM IPTG. Samples of 
the cultures were taken after 20 hours and were fixed with paraformaldehyde and then 
washed in PBS. Samples were then placed onto a glass microscope slide and a coverslip was 












As previously demonstrated, protein overexpression of FtsB or FtsL individually resulted in 
filamentation of cells after 20 hours of induction. However, when FtsB and FtsL were co-
expressed the filamentation morphology was no longer apparent. Cell shape in these cells was 
similar to the E. coli BL21(DE3) control cells, therefore it appears that co-expression of FtsB 
and FtsL rescues the morphological defects seen when proteins are individually expressed.  
 
 5.3 SMA solubilisation of the FtsBL subcomplex 
 
After successful co-expression of FtsB and FtsL, the next aim of this chapter was to solubilise 
and purify the FtsB/FtsL subcomplex. Purification of SMALPs containing both FtsB and FtsL 






Figure 5.3. Affinity tagging approach for purification of FtsBL subcomplex. To allow for the 
purification SMALPs containing both FtsB and FtsL, the His Tag of FtsB was removed to leave 







To achieve this in the expression vectors available, the His-Tag of FtsB was removed from the 
expression vector by Q5 site directed mutagenesis. This resulted in FtsB being expressed with 
an N-terminal Strep-Tag II and FtsL with a C-terminal 6xHis-Tag. By sequential purification with 
Ni-NTA and streptactin resins, this would yield only the SMALPs containing both proteins.  
FtsB-Strep II and His-FtsL were overexpressed in E. coli BL21 (DE3) for 3 hours, and the cells 
were collected by centrifugation. The membrane fraction was prepared by cell disruption, and 
fractionated from cell debris and soluble proteins through a series of high speed and ultra-
centrifugation. As previous experiments found that overnight solubilisation yielded the 
highest amount of protein, the membrane fraction was solubilised by incubation with 2.5 % 
SMA for overnight at 4°C.  
The insoluble fraction was pelleted by ultracentrifugation and the supernatant was incubated 
with Ni-NTA resin overnight. The resin mix was then transferred to a gravity flow column, 
washed with low imidazole buffer and then His-tagged proteins were eluted with a high 
imidazole buffer (figure 5.4). A large percentage of solubilised material did not bind the resin 
and was collected in the flow though. As expected, more FtsB was seen to be removed from 
the resin during the low imidazole washing steps than FtsL, as FtsB is not His-tagged therefore 
relies on co-purification with FtsL. Despite this, both proteins were seen to elute from the 
resin on incubation with high imidazole buffer, demonstrating that had FtsB been successfully 
co-purified with FtsL during SMALP solubilisation. As seen previously with the purification of 
the individual FtsBL components, multiple contaminants are co-eluted from the resin with the 











The eluted complexes from the Ni-NTA purification were concentrated and analysed by using 
size exclusion chromatography (SEC). Elution of protein and SMA was monitored by 
absorbance at 280 nm and 254 nm respectively (figure 5.5a). Multiple peaks were seen to 
elute between 9 mL and 18 mL. Aliquots of the 0.5 mL elution fractions collected were 
analysed by SDS-PAGE (figure 5.5b). The first sharp peak at 9 mL contained a large amount of 
protein at various molecular weights, therefore may represent aggregated SMALPs. FtsB and 
FtsL co-eluted broadly between 11.5-17 mL, and the major contaminant eluted at the later 
end of the elution volume at 17 mL.  
 
Figure 5.4. FtsBL Ni-NTA purification. SMA solubilised membranes were incubated with 
Ni-NTA resin overnight and then transferred to a gravity flow column and flow through 
(FT) collected. The resin was washed 4 times with 10 CV 20 mM imidazole buffer (W1-4) 
and then His-Tagged proteins were then eluted 4 times with 1 CV 500 mM imidazole buffer 
(E1-4). Fractions were analysed by electrophoresis on an 18% SDS-PAGE gel and protein 

























Figure 5.5. SEC purification of the FtsB/FtsL complex. Elution fraction fractions from Ni-
NTA purification were pooled and injected onto a Superdex 200 Increase 10/300 GL 
column. The column was run at 0.5 mL/min for 25 mL, collecting 0.5 mL fractions. (A) SEC 
elution profile. Elution of protein and SMA from the column was monitored by absorbance 
at 280nm and 254 nm respectively. (B) SDS-PAGE of elution profile. Elution fractions at the 
given volumes were analysed by electrophoresis on an 18% SDS-PAGE gel and protein 
































To assess the oligomeric state of FtsB/FtsL complexes in SMALPs, the elution fractions from 
the SEC analysis were also separated by BN-PAGE (figure 5.6). Diffuse bands migrated to 
molecular weights between 30 kDa and 480 kDa. The soluble contaminant migrated as a sharp 
band at 20 kDa. BN-PAGE of individually purified FtsB and FtsL indicated that the migration of 
bands to the 30 kDa position was due to the purification of FtsB or FtsL homodimers. As the 
FtsB/FtsL subcomplex had only been purified using one affinity tag, it is possible that some of 
the sample contains discs with only FtsL. It is therefore is not possible to distinguish the 30 
kDa band in the BN-PAGE of the subcomplex as either a FtsB/FtsL heterodimer or an FtsL 
homodimer.  
Figure 5.6. BN-PAGE of the FtsB/FtsL subcomplex. Elution fractions from Ni-NTA 
purification were pooled and injected onto a Superdex 200 Increase 10/300 GL 
column. The column was run at 0.5 mL/min for 25 mL, collecting 0.5 mL fractions. 
Elution fractions at the given volumes were analysed by BN-PAGE electrophoresis on 






To remove any FtsL that was not bound to FtsB, FtsB/FtsL complexes eluted from the Ni-NTA 
were additionally passed through streptactin gravity flow resin to bind strep-tagged FtsB. The 
resin was washed with 50 mM Tris-HCl, 500 mM NaCl (pH 8) buffer to remove any 
contaminants. Strep-tagged protein were then eluted with d-Desthiobiotin, which competes 
for the Strep-Tactin binding sites (figure 5.7). 
 
The flow through (FT) and wash fractions show that very little of the sample bound to 
streptactin resin, which was surprising as all FtsB in the sample should be capable of binding 
the resin. As discussed in chapter 3, inefficient binding of SMA solubilised protein to affinity 
resin is a major roadblock in the purification of membrane proteins by this technique, and 
further work on improving binding efficiency is much needed. However, a very small fraction 
Figure 5.7. FtsB/FtsL streptactin purification. Ni-NTA elution fractions were passed 
through the streptactin resin under gravity flow. The resin was washed 4 times with 1 CV 
buffer (W1-4) and then Strep-Tagged proteins were eluted 4 times with 1 CV buffer + 2.5 
mM d-Desthiobiotin (E1-4). Fractions were analysed by electrophoresis on an 18% SDS-






of the sample was found to elute on incubation with D-desthiobiotin, indicating the partly 
successful co-purification of FtsB and FtsL using dual purification methods.  
The limited protein yield from the streptactin resin presented a challenge for the 
characterisation of copurified FtsB/FtsL, as many techniques require a substantial amount of 
protein for analysis. However, as Native-PAGE is compatible with western blotting this 
technique allows the analysis of quaternary structure in samples containing less than 1 ng of 
protein. The streptactin purified samples were concentrated and separated by SEC 
purification. Absorbance readings were taken at 280 nm and 254 nm to identify the elution of 
proteins and SMA respectively, and a trace amount of SMA and protein could be seen to elute 
from the column. This elution trace was similar to that of the FtsB/L proteins when purified 
independently, therefore although the trace was of poor quality (data not shown), it was 
assumed to be representative of FtsBL elution from the column. The elution fractions 
containing protein were then separated by BN-PAGE and transferred to a nitrocellulose 
membrane for western blotting with an anti-his tag antibody. Western blotting would be 
predicted to only detect FtsL, however as FtsB and FtsL had been co-purified, any FtsL 
detected by the antibody would be in complex with FtsB.  
As shown in figure 5.8, the elution fractions could be successfully visualised on BN-PAGE by 
western blotting. The bands were seen at multiple molecular weights, suggesting the 
possibility of multiple complexes within any one disc. To assist in the assessment of which the 
oligomeric states these bands represent, the BN-PAGE of the dual purification samples was 























































































































































































































































































































































By comparing these two purifications, it is clear that for the higher molecular weight bands, 
the elution profile of both samples is comparable. However, the Ni-NTA only purification 
contains a protein band at ~30 kDa that is not found in the dual purification. As the Ni-NTA 
purification will also purify FtsL that has homo-dimerised, rather than hetero-dimerised with 
FtsB, this band likely represents dimeric FtsL. Therefore, the band at ~60 kDa represents a 
tetrameric structure of FtsB and FtsL. As this band is seen in the dual purification, it can be 
assumed that it is a hetero-tetramer of FtsBL and not a form of homo-oligomerisation on just 
one of the proteins. Further bands could represent higher order oligomers of this structure, 
or may just be the inclusion of multiple tetramers within the same disc.  
While this data is low resolution, it demonstrates that inclusion of membrane proteins within 
SMALPs allows the purification of membrane protein complexes, and rudimentary analysis of 
their quaternary structure. To acquire more accurate estimations of the molecular weights of 
the complexes within the purified SMALPs, analytical ultracentrifugation (AUC) was 
performed. The analysis of the resultant AUC data required further experimentation for the 
measurement of experimental parameters, therefore for clarity these experiments are instead 
discussed in detail in chapter 6.   
 
5.4 Small Angle X-Ray Scattering of FtsBL-SMALPs 
While BN-PAGE offers a simple method for the analysis of protein complex molecular weights, 
obtaining higher resolution structural data on the complex requires alternative techniques 
such as small angle X-ray scattering (SAXS) and X-ray crystallography. However, these 






in this chapter, the yield of FtsB/FtsL-SMALPs was limited by inefficient resin binding, 
therefore, large scale culture volumes were increased to 18 L compared to 6 L used previously. 
This yielded enough protein to perform small angle X-ray scattering (SAXS), a technique that 
can provide structural information on proteins in solution by measuring the scattering of X-
ray photons by electrons. SAXS data analysis is highly sensitive to sample monodispersity, 
however, as shown by the BN-PAGE analysis, SMA preparations of FtsBL are polydisperse, with 
multiple species of varying molecular weights. Therefore, to allow for accurate data analysis 
size exclusion chromatography-SAXS was performed, whereby size exclusion chromatography 
is placed in-line with SAXS data collection, and samples are taken across the elution profile. 
SEC-SAXS data was collected on the B21 beamline at Diamond Light Source. Ni-NTA purified 
FtsBL-SMALPs were concentrated and separated on a Superdex 200 Increase 3.2/300 column 
at 0.075 mL/min in-line with the flow cell for SAXS data collection. Images were recorded every 
3 seconds, with 1 second of exposure per image, resulting in a total collection of 600 images. 
Data reduction was performed at Diamond Light Source using DAWN, and further data 
analysis was carried out in ScÅtter, a JAVA-based application developed by Robert Rambo at 
the Diamond Light Source (Didcot, UK). Figure 5.9 shows the resultant signal plot for the SEC-








Two elution peaks were detected across the collection window. Using the published 
calibration curve for the SEC column (GE Healthcare, 2018), the first peak which elutes 
between 1-1.6 mL (samples 250-450) was assigned as SMALPs, whilst the small peak eluting 
after 2 mL (samples 550 onward) was assigned as the elution of soluble proteins and 
contaminants. Across the SMALP elution peak, the Rg can be seen to gradually decrease from 
a maximum of 200 Å to a minimum of 40 Å.  
Figure 5.9. Signal plot for the size- exclusion chromatography-small angle X-ray scattering 
(SEC-SAXS) of FtsBL-SMALPs. The change in Rg (blue dots) is given across the elution profile 
(orange dots). The green bar represents samples used as the buffer region for subtraction, 






Because there were no regions where the Rg value stabilised, no distinct populations could be 
identified from the signal plot. This prevented the merging of multiple frames for increased 
exposure times and therefore individual frames were chosen to further processing. Sample 
numbers 275, 325, and 375 were chosen as highlighted on figure 5.9. Each sample was 
subtracted from the selected buffer region, and the resultant scattering curves are shown in 
figure 5.10. Each sample exhibited a distinct scattering profile; the profile of sample 275 
appeared to be similar to the profile of a predicted unfolded protein whereas the profile of 





Figure 5.10. Scattering intensity of FtsBL-SMALPs. Logarithmic intensity plot of (A) sample 



































































































































































































For each curve, a Guinier plot (ln I(q) vs q2) was obtained to predict the radius of gyration (Rg). 
Additionally, a Porod volume (Vp) and exponent (Px) were determined, and a P(r) distribution 
function was produced to calculate the maximum dimension (Dmax) of each particle. 
Representative analysis is shown for sample 375 in figure 5.11 and these results for all three 
samples are summarised in table 5.1.   
 
 
The linear fit of the Guinier plot demonstrates that there is no aggregation in the sample. The 
Porod exponent calculated for each sample was >3.3, suggesting all samples are fairly 
compact. As expected, the predicted volume of the sample decreased between the earliest 
and latest eluted samples. The volume is commonly converted from Å3 to daltons by dividing 
by the density of protein (~1.35 g/cm3, (Andersson and Hovmöller, 1998)), however, as these 
samples are a complex mix of SMA, lipid and protein, these calculations cannot be made 
accurately. The Rg similarly decreases with along the elution profile. 
Due to the incomplete separation of multiple FtsB/FtsL-SMALP populations, and the lack of a 
region of stable Rg values, this data was not used for ab initio modelling. Higher sample 
concentrations would allow for samples to be separated on a SEC column with a larger bed 
volume, thereby providing better resolution. However, these results have provided initial data 
for SAXS analysis of FtsB/FtsL-SMALP complexes by SAXS. 
Sample no. Elution volume (mL) I(0) Rg dmax Px Vp (Å3) 
275 1.0 0.438 161.5 523 3.8 3,900,000 
325 1.2 0.235 89.4 284 3.3 1,360,000 
375 1.4 0.118 59.2 190 3.6 500,000 






5.4 Detergent solubilisation of the FtsB/FtsL Subcomplex 
Further structural analysis of FtsB/FtsL-SMALPs was limited by the yield that could be achieved 
during purification. Therefore, it was considered whether the traditional approach of 
detergent purification may be more suitable for the preparation of FtsB/FtsL complexes for 
structural characterisation. Membranes overexpressing FtsB and FtsL were therefore 
incubated overnight with DDM and the insoluble fraction removed by ultracentrifugation. The 
supernatant was incubated with Ni-NTA resin overnight and then transferred to a gravity flow 
column. The resin was washed with low imidazole buffer and then His-tagged proteins were 
eluted with high imidazole buffer. As shown in figure 5.12, FtsB and FtsL were successfully 
















Figure 5.12. FtsBL DDM purification. DDM solubilised membranes were incubated with Ni-
NTA resin overnight and then transferred to a gravity flow column and flow through (FT) 
collected. The resin was washed 6 times with 10 CV 20 mM imidazole buffer (W2,4,6) and 
then His-Tagged proteins were then eluted 4 times with 1 CV 500 mM imidazole buffer (E1-
4). Fractions were analysed by electrophoresis on an 18% SDS-PAGE gel and protein bands 








The Ni-NTA elutions fractions had a significant amount of contaminants which co-eluted with 











































Figure 5.13. SEC purification of DDM solubilised FtsB/FtsL. Elution fractions from 
streptavidin purification were pooled and injected onto a Superdex 200 Increase 10/300 
GL column. The column was run at 0.5 mL/min for 25 mL, collecting 0.5 mL fractions. (A) 
SEC elution profile. Elution of protein from the column was monitored by absorbance at 
280nm (B) SDS-PAGE of elution profile. Elution fractions at the given volumes were 
analysed by electrophoresis on an 18% SDS-PAGE gel and protein bands visualised by 











Compared to the multi-peak elution profile of the SMA purifications, the DDM-solubilised 
FtsB/FtsL eluted as a single, narrow elution peak around 13.5 mL.  This elution peak of the SEC 
purification was analysed by SDS-PAGE as shown in figure 5.13b.  FtsB and FtsL were co-eluted 
across the elution profile, however significant contamination remained. Some contamination 
appeared as laddering of lower molecular weight products beneath the full-length protein 
band, which could be products of degradation. 
To assess whether the quaternary structure of the solubilised proteins could be identified, the 
elution fractions from the SEC column were also analysed by BN-PAGE (figure 5.14). 
 
Figure 5.14. BN-PAGE of DDM solubilised FtsB/FtsL. Elution fraction fractions from Ni-
NTA purification were pooled and injected onto a Superdex 200 Increase 10/300 GL 
column. The column was run at 0.5 mL/min for 25 mL, collecting 0.5 mL fractions. Elution 
fractions at the given volumes were analysed by BN-PAGE on an 4-16% Bis-Tris gel and 


























As indicted on the gel, bands migrating to 15, 30 and 60 kDa could be detected on the BN-
PAGE at multiple elution volumes. This result was indicative of the purification of oligomers of 
FtsB, FtsL or the proteins in complex. However, the high concentration of contaminating 
proteins prevented the definitive identification of these complexes. Western blotting of the 
BN-PAGE was repeatedly unsuccessful due to the poor resolution of DDM-solubilised proteins 
by BN-PAGE (data not shown).  
To further purify the FtsB/FtsL proteins from co-eluting contaminants, the fractions eluted 

















Figure 5.15. FtsBL DDM streptactin purification. FtsB/FtsL SEC elutions were passed 
through the streptactin resin under gravity flow. The resin was washed 6 times with 1 
CV buffer (W2,4,6) and then Strep-Tagged proteins were eluted 6 times with 1 CV buffer 
+ 2.5 mM desthiobiotin (E1-6). Fractions were analysed by electrophoresis on an 18% 







As expected, a large band migrating to the molecular weight of FtsL was seen in the flow-
through, as it is not His-tagged and therefore will only bind the streptactin resin in complex 
with FtsB. On incubation with D-desbiothiotin, a large amount of protein was eluted from the 
resin. The successful elution from streptactin resin when using DDM, compared to the 
difficulties of elution when using SMA, suggests that the incompatibility of FtsB/FtsL-SMALPs 
with streptactin resin is due to the presence of the SMALP. Despite the wash fractions 
appearing clear of contaminants, the elution steps have very poor purity compared to SMA 
purifications. Unlike in figure 5.13b, where on visual inspection FtsB and FtsL purified at similar 
concentrations, FtsB eluted at a much higher concentration from the streptactin resin than 
FtsL. This suggested that during the purification, the interaction between FtsB and FtsL may 
have been disrupted. In order to preserve the protein-protein interactions in the sample, a 
range of alternative detergents and detergent concentration could be trialled, however due 
to time constraints this was not considered further in this study.  
 
5.5 Discussion 
The first aim of this section was to determine whether SMALPs can be used to purify the 
FtsB/FtsL proteins in complex with one another. To achieve this, FtsB and FtsL were co-
expressed in E. coli. In comparison to the morphological defects of E. coli over-expressing just 
one of these proteins, co-expression of FtsB and FtsL did not cause any major morphological 
changes and resulted in an increase in protein expression level. These results demonstrate 
that overexpression of these proteins is supported in E. coli, however, maintaining the 






proposed as a rate-limiting step in division (Bramkamp et al., 2006). FtsL in B. subtilis is 
degraded by a zinc metalloprotease YluC, and when this protease is inactivated by mutation 
cells have a short cell phenotype as a consequence of early division (Bramkamp et al., 2006). 
FtsB stabilises FtsL against proteolytic cleavage (Wadenpohl and Bramkamp, 2010), therefore 
it could be that without the presence of enough FtsB to stabilise FtsL, FtsL is degraded at a 
faster rate and therefore does not trigger cell constriction, causing the filamentous 
phenotype. 
The co-expressed proteins were then solubilised with SMA, and purified using Ni-NTA resin. 
As the His-tag on FtsB was removed by site-directed mutagenesis, only FtsL would bind the 
resin. Both FtsB and FtsL eluted from the resin, demonstrating that SMA successfully 
solubilised FtsB/FtsL complexes.  To further purify the complex and remove any SMALPs in 
which there was only FtsL, the solubilised proteins were then passed over streptactin resin, 
which only FtsB should bind to. However, as found in chapter 3 for FtsB-SMALPs, a large 
proportion of the FtsB/FtsL-SMALPs did not successfully bind to the streptactin resin and only 
a small fraction of the sample was eluted from the resin. In comparison, when FtsB/FtsL 
complexes were purified in detergent, FtsB was eluted from the streptactin resin at much 
higher concentrations. The Strep-Tag of FtsB is at the end of the short cytoplasmic domain, 
which is only 3 residues long, compared to the placement of the His-Tag of FtsL which is at the 
end of the 63 residue periplasmic domain. Therefore, one possible explanation for the poor 
binding was that the large volume of the SMALP disc hindered the binding of the Strep-Tag to 
the resin. In comparison, detergent micelles are much smaller and therefore likely do not 






purification tags only at the C-terminal of the proteins may assist with improved binding of 
SMA-solubilised proteins to streptactin resins.  
Despite these complications, the successful elution of FtsB and FtsL from the streptactin resin 
demonstrated that SMA-solubilisation had successfully captured FtsB and FtsL within the 
same SMALP. The second aim of this chapter was to characterise the oligomeric state of these 
complexes. Purified FtsB/FtsL-SMALPs were separated by SEC, and the elution fraction were 
analysed by BN-PAGE. By comparing the BN-PAGE from Ni-NTA and Ni-NTA/streptactin double 
purifications, the oligomerisation states of the complexes within the discs were successfully 
identified. The oligomerisation state of the FtsB/FtsL subcomplex has been widely studied 
(Villanelo et al., 2011; Khadria and Senes, 2013; Condon et al., 2018) but has not been 
demonstrated for full-length proteins. Therefore, these results demonstrate that the use of 
BN-PAGE in conjunction with SMA solubilisation offers a simple method for studying the 
quaternary structure of full-length FtsB/FtsL complexes. From these results, a 2:2 
oligomerisation model of FtsB/FtsL association appears to be most likely. 
In order to achieve higher resolution structural data for these complexes, SEC-SAXS data was 
collected. However, the complexity of SMALPs complicated data analysis. While FtsB/FtsL-
SMALPs can be grouped into discrete populations based on molecular weight when analysed 
by BN-PAGE, this was not possible on the basis of Rg when analysing the SAXS data. The Rg 
instead gradually decreased across the SEC elution profile, preventing the identification of 
different oligomeric states. This is unsurprising as SMALPs have been demonstrated to rapidly 
exchange lipids with their environment (Hazell et al., 2016), therefore it is likely that the 






nm disc’ ideal often presented. From the SAXS data, some rudimentary analysis was possible, 
but ab initio modelling was not conducted. To improve future SEC-SAXS experiments, 
separation of the sample on a longer SEC column would improve the resolution of different 
SMALP populations. However, as mentioned across this study, this requires more sample, and 
the limitations of SMA-solubilisation prevented the purification of protein concentrations high 
enough to achieve this.  
In chapter 3, DDM solubilisation of FtsB produced significantly higher yields of FtsB than SMA 
solubilisation. With this in mind, it was considered whether detergent preparation could 
similarly purify FtsB/FtsL complexes with a higher yield than SMA. While DDM solubilisation 
did result in a higher yield of FtsB and FtsL, the solubilisation method was also demonstrated 
to interfere with FtsB/FtsL association, and the co-elution of a range of contaminants was also 
much higher. Compared to the FtsB/FtsL SMALPs, when the SEC elution fractions of DDM 
solubilised proteins were analysed by BN-PAGE, the multiple populations within the sample 
were shown to be poorly separated. This data shows that SMA and DDM solubilisation 
techniques both have significant strengths and weaknesses, and while SMA is a useful tool for 





































As demonstrated in the previous chapters, native-PAGE is a useful technique for the 
estimation of the molecular weight of protein complexes within SMALPs. However, the 
resolution of native-PAGE is limited as proteins bands are diffuse and migrate across a wide 
range of molecular weights. This can prove difficult when working with low molecular weight 
proteins such as FtsB and FtsL where the difference between monomeric and dimeric states 
is less than 15 kDa. To accurately measure the molecular weight of these samples, an 
alternative technique is analytical ultracentrifugation (AUC). AUC measures the sedimentation 
of particles under strong gravitational forces (commonly >100,000 x g), producing a size-
distribution profile of the particles within the sample.  AUC is a particularly attractive method 
for the study of membrane proteins as it does not require a large amount of sample; a typical 
sedimentation velocity run requires 500 µL of sample at a concentration of around 0.1-0.5 
mg/mL. Additionally, samples can be analysed in their native state, in free solution, in a wide 
range of buffers, and samples can be rescued post-experiment.  
Figure 6.1. The forces acting on a solute particle during analytical ultracentrifugation. Fc 
is the centrifugal force, which is the mass of the particle 𝑚( multiplied by the centrifugal 
acceleration given by w2r, where w is the rotor speed, and r is the distance from the centre 
of the rotor. FF is the frictional force, equal to the mass of the fluid displaced by the particle 






The sedimentation behaviour of a particle during AUC is characterised by its sedimentation 
coefficient 𝑠, which is the ratio between the sedimentation velocity of the particle and the 
centrifugal acceleration applied. The sedimentation coefficient can be defined by the balance 
of three forces: FC, FB, and FF, as shown in figure 6.1. Fc is the centrifugal force, which is the 
mass of the particle 𝑚( multiplied by the centrifugal acceleration given by w2r, where w is the 
rotor speed and r is the distance from the centre of the rotor. FF is the frictional force, equal 
to the mass of the fluid displaced by the particle. FF is therefore mp(1-?̅?𝜌), where ?̅? is the partial 
specific volume of the particle and 𝜌 is the buffer density. FB is the buoyant force, given by 𝑓𝑣, 
the frictional coefficient 𝑓multiplied by the velocity 𝑣. By balancing these forces, the Svedburg 







In order to obtain the molar mass of the particle 𝑀(, Avogadro’s constant 𝑁) can be added to 








The frictional coefficient 𝑓 is calculated using Stokes’ law, where the frictional coefficient of a 
spherical particle 𝑓# is denoted as: 


















The frictional coefficient can then be manipulated with multiplication by the frictional ratio 
𝑓/𝑓# in order to reflect non-spherical samples. The frictional ratio is commonly found 
experimentally by sedimentation analysis software such as SEDFIT (Schuck, 2000).  
As is clear from these calculations, the input of an accurate value for partial specific volume ?̅? 
is highly important for the determination of sedimentation and therefore particle size. For 
samples with known density, this can be quickly calculated, however for biological samples 
this is rarely known. Partial specific volume can be measured experimentally by pycnometry 
or magnetic float apparatus, however these methods require large volumes of protein and 
extra apparatus. Partial specific volumes for proteins can also be calculated using their amino 
acid composition, a function integrated into sedimentation analysis programs such as 
SEDNTERP (Laue et al., 1992). However, for the analysis of FtsBL-SMALPs which contain a 
mixture of polymer, lipids and protein, this may not accurately predict the partial specific 
volume of the discs. To date, there has been no in depth study of the sedimentation of SMALPs 
in AUC or their partial specific volume. 
An alternative method of partial specific volume determination is using differential 
sedimentation. First described by Martin, Cook and Winkler (1956), differential sedimentation 
involves centrifuging samples in both water and deuterium and using the change in 








The sedimentation of samples in water and deuterium can be described accordingly by 
rearranging the Svedburg equation: 
𝑠%𝑓𝑝% = 	𝑀(1 − ?̅?𝜌%) 
𝑠$𝑓𝑝$ = 	𝑀𝜅(1 − ?̅?𝜌$/𝜅) 
 
Where ?̅?, 𝜂, 𝑆, and 𝜌 represent partial specific volume, buffer viscosity, sedimentation 
coefficient, and buffer density respectively. Subscript D denotes D2O samples and subscript H 
denotes H2O samples. 𝜅 represents the molar mass ratio of the sample in deuterated 
compared to non-deuterated solvent. Buffer viscosity differences are corrected for by 
replacing the 𝑓 coefficient with 𝑓𝑝.  


















This method was successfully used to calculate partial specific volumes for a range of proteins 
within 1% of published values found by conventional methods (Martin, Cook and Winkler, 
1956). While the method is prone to some degree of error due to estimations of 
sedimentation coefficients, unlike more classical methods it is much less sensitive to errors in 
concentration calculations and the presence of impurities. This method also requires a much 











The aim of this chapter was to: 
1. Characterise a soluble protein by differential sedimentation to confirm the methods 
compatibility with modern instrumentation and analysis software. 
2. Characterise DMPC-SMALPs by differential sedimentation to model the sedimentation of 
lipid only discs. 
3. Characterise ZipA-SMALPs by differential sedimentation to confirm the molecular weight 
estimation gained from differential sedimentation against a well-characterised protein. 
4. Characterise FtsBL-SMALPs by differential sedimentation and use these parameters to 
calculate the molecular weight of each oligomeric state as identified in BN-PAGE. 
 
6.2 Application of Differential Sedimentation to Bovine Serum Albumin 
Since the publication of the differential sedimentation method in 1959, the instrumentation 
and analysis methods used in AUC have changed significantly, therefore to ensure that 
differential sedimentation is compatible with the use of analysis software such as SEDFIT, the 
technique was applied to the well-defined soluble protein bovine serum albumin (BSA). 
Commercial BSA was dissolved in distilled water at a range of concentrations, and then diluted 
at a 1:1 ratio with either water or deuterium. These samples were then analysed by AUC at 
40,000 rpm, following the sedimentation of the samples at an absorbance of 280 nm. 
Resulting data was analysed in SEDFIT to produce a continuous sedimentation c(𝑠) 
distribution. A representative distribution of 0.5 mg/mL BSA in non-deuterated solvent is 






the majority of the sample and monomeric BSA, with a smaller second peak at 𝑠 = 6.4 
corresponding to dimeric BSA.  
 
 
Figure 6.3a shows the sedimentation distribution of BSA samples in deuterated and non-
deuterated solvent. BSA diluted in water has an average sedimentation coefficient of 4.33 S 
for the monomer peak, while in deuterated buffer the monomer peak shifted to a lower 
average of 2.80 S. Similarly, the dimer peak of BSA in water has an average sedimentation 
coefficient of 6.45 S, while the deuterated dimer peak averaged to 4.44 S. 
To ensure the protein concentration of the analysed samples did not affect the sedimentation 
coefficient value in later calculations, the 𝑠 values were plotted in respect to BSA 















Figure 6.2 Sedimentation distribution of bovine serum albumin (BSA). 0.5 mg/mL BSA 
was prepared in distilled water. A sedimentation velocity experiment was performed at 
20°C, 40,000 rpm, monitoring the sample by absorbance at 280 nm. Data was analysed 







Figure 6.3 Differential sedimentation of bovine serum albumin (BSA). 0.25, 0.5 
mg/mL and 1 mg/mL BSA was prepared in either 50% deuterated solvent (D20) or 
non-deuterated solvent (H2O). A sedimentation velocity experiment was performed 
at 20°C, 40,000 rpm, monitoring the samples by absorbance at 280 nm. (A) Data was 
analysed in SEDFIT (Schuck, 2000) applying the continuous c(s) distribution model. (B) 
The sedimentation coefficient value of the major peak of each distribution was 
plotted in respect to BSA concentration and a linear trend line fitted. The equation of 
each line is shown. 
y = -0.1823x + 4.439





















































Both H2O and D2O samples did show a slight decrease of 𝑠 with increased concentration, 
therefore, the x intercept of this line was then used as a concentration independent value of 
𝑠.  
The calculated 𝑠 values were then used to calculate the partial specific volume using equation 
6.7. The 𝜅 value for BSA was calculated by determining the number of labile hydrogens in the 
protein sequence and, assuming 100% hydrogen-deuterium exchange, predicting the molar 
mass ratio of the sample in deuterated compared to non-deuterated solvent. The values for	𝜌 
and 𝜂 were found using SEDNTERP, correcting for the increase of density and viscosity by the 
addition of deuterium. The frictional ratio 𝑓/𝑓# was calculated by SEDFIT during data analysis, 
by allowing the program to fit the most likely 𝑓/𝑓#. The calculated values are outlined in table 




From these parameters, the partial specific volume of BSA was calculated to be 0.73. The 
parameters for the H2O samples in table 6.1 and the calculated partial specific volume could 
then be used to calculate the mass of the particle by rearranging equation 6.6 to give equation 
6.8: 
𝜅 𝜌% 𝜌$ 𝜂% 𝜂$ 𝑠% 𝑠$ 𝑓/𝑓# 
1.017 0.997614 1.1048 0.9149 1.1242 4.439 2.798 1.493 
Table 6.1 Parameters for the estimation of bovine serum albumin (BSA) partial specific 
volume. ?̅?, 𝜂, 𝑆, and 𝜌 represent partial specific volume, buffer viscosity, sedimentation 
coefficient, and buffer density respectively. Subscript D denotes D2O samples and subscript 
H denotes H2O samples. 𝜅 represents the molar mass ratio of the sample in deuterated 








(1 − ?̅?𝜌) 
The mass of the monomer peak was calculated to be 65,000 Da. The mass of the second peak 
at a sedimentation value of 6.45 was similarly calculated, and was determined to be 120,000 
Da. The published molecular weight of a BSA monomer is 66.5 kDa, therefore differential 
sedimentation had allowed the accurate prediction of the molecular weight of a soluble 
protein from sedimentation velocity data with no prior knowledge of the partial specific 
volume or density of the protein. 
 
6.3 Application of Differential Sedimentation to DMPC SMALPs 
In order to accurately define the lipid, SMA and protein components during AUC analysis of 
SMA solubilised proteins, lipid only SMALPs were first characterised. DMPC liposomes were 
solubilised with SMA and purified by size exclusion chromatography (SEC). The SEC trace of a 
DMPC-SMALP preparation is shown in figure 6.4. DMPC-SMALP preparations have multiple 
elution peaks between 12 mL and 24 mL. The first peak at 14 mL was assigned to be SMALPs 
in line with previous characterisation of lipid disc elution profiles (Hall et al., 2018). To confirm 
the presence of SMALPs at the predicted 10 nm diameter, dynamic light scattering (DLS) 
measurements were taken across the peak. Measured diameters ranged from 21 nm at the 
front end of the peak elution, to a minimum value of 9.4 nm at the lagging end of the peak. 
As the second elution peak begins there is an increase in diameter, due to elution of 










Elution fractions between 13-14 mL were pooled and diluted at a 1:1 ratio with either H2O or 
D2O. The DMPC-SMALP samples were then analysed by AUC, slowing the rotor to 30,000 rpm 
compared to 40,000 rpm for BSA due to the higher predicted molecular weight of DMPC-
SMALPs. The sedimentation distribution for deuterated and non-deuterated DMPC-SMALPs 
are shown in figure 6.5. Non-deuterated discs primarily sedimented at an 𝑠 value of 2.78 S, 
while deuterated sample sedimented at 1.89 S. A smaller sedimentation peak in the non-
deuterated sample is seen at around 1.5 S. This most likely represents a small amount of 
aggregated polymer co-purified with the DMPC SMALPs. As seen in figure 6.4, the elution 
peaks of the DMPC-SMALPs (peak 1) and aggregated polymer (peak 2) overlap and therefore 
some aggregated polymer will likely be in the SMALP samples. This peak is not seen in the 
Figure 6.4 Size exclusion chromatography (SEC) of SMA solubilised DMPC liposomes. DMPC 
liposomes were solubilized with 2.5 % SMA for 3 hours and then separated by SEC on a 
Superdex 200 Increase 10/300 column. Elution from the column was measured by 
absorbance at 254 nm.  Blue bars represent the dynamic light scattering of the elution 














































deuterated samples, presumably because the polymer sediments at an S value too low to be 
resolved in this analysis.  
As described for BSA, the calculated 𝑠 values were then used to calculate the partial specific 
volume of DMPC-SMALPs using the values outlined in table 6.2. The 𝜅 value for the SMALPs 
was calculated by determining the number of labile hydrogens in DMPC and SMA and 
assuming 100% hydrogen-deuterium exchange, predicting the molar mass ratio of the sample 
in deuterated compared to non-deuterated solvent. The 𝜅 value for SMA is 1.003 while the 𝜅 
value for DMPC is 1 therefore 1 was used as it is likely DMPC makes up the majority of the 
mass of the disc.  
 
 
Figure 6.5 Differential sedimentation of DMPC-SMALPs. DMPC-SMALPs were prepared 
in either 50% deuterated solvent (D2O) or non-deuterated solvent (H2O). A 
sedimentation velocity experiment was performed at 20°C, 40,000 rpm, monitoring the 
samples by absorbance at 280 nm. Data was analysed in SEDFIT (Schuck, 2000) applying 
























From these variables, the partial specific volume of DMPC-SMALPs was calculated to be 0.857. 
The variables for the H2O samples in table 6.2 and the partial specific volume could then be 
used to calculate the mass of the particle. The particle was calculated to be 135,000 Da. Using 
a calculated calibration curve for the Superdex 200 Increase 10/300 column (supplementary 
figure 8.1), elution between 13-14 mL corresponds to a molecular weight of 180 kDa to 110 
kDa, in agreement with the molecular weight calculations from the AUC data. Therefore, 
differential sedimentation was successfully applied to DMPC-SMALPs to accurately measure 
the partial specific volume and molecular weight.  
 
6.4 Application of Differential Sedimentation to ZipA-SMALPs 
To investigate the analysis of SMA solubilised proteins using AUC, the divisome protein ZipA 
was chosen as a model, as its oligomerisation state is well defined (Skoog and Daley, 2012) 
and the protein has been previously solubilised using SMALP and investigated by AUC (Lee et 
al., 2016). A glycerol stock of E. coli BL21(DE3) containing the plasmid for overexpression of 
His-tagged ZipA was a kind gift from Dr Sarah Lee at the University of Birmingham. ZipA was 
𝜅 𝜌% 𝜌$ 𝜂% 𝜂$ 𝑠% 𝑠$ 𝑓/𝑓# 
1 1.000814 1.0535 0.9243 1.0096 2.78 1.74 1.85 
Table 6.2 Parameters for the estimation of DMPC-SMALP partial specific volume. ?̅?, 𝜂, 𝑆, 
and 𝜌 represent partial specific volume, buffer viscosity, sedimentation coefficient, and 
buffer density respectively. Subscript D denotes D2O samples and subscript H denotes H2O 







overexpressed in E. coli with 0.5 mM IPTG induction overnight, before pelleting the cell mass 
and preparing the membrane fraction. The membranes were then solubilised with SMA at 
room temperature for 3 hours before any material not solubilised was pelleted by 
ultracentrifugation. The supernatant was incubated with Ni-NTA resin overnight at 4°C to bind 
any His-Tagged proteins to the resin. The resin was washed with a low imidazole concentration 
to remove any un-specifically bound protein, and then His-Tagged proteins were eluted with 
a high concentration of imidazole (figure 6.6).  
 
 
Figure 6.6. ZipA Ni-NTA purification. SMA solubilised membranes were incubated with Ni-
NTA resin overnight and then transferred to a gravity flow column and flow through (FT) 
collected. The resin was washed 4 times with 10 CV 20 mM imidazole buffer (W1-4) and 
then His-Tagged proteins were then eluted 4 times with 1 CV 500 mM imidazole buffer 
(E1-4). (A) Fractions were analysed by electrophoresis on a 12% SDS-PAGE gel and protein 
bands visualised by Coomassie staining. (B) A whole cell sample of cells E. coli 
overexpressing ZipA was analysed by electrophoresis on a 12% SDS-PAGE gel and His-







ZipA eluted off the column as a single band with no visible contaminants. With the additional 
of the 6XHis-Tag and V5 epitope tag, ZipA is expected to have a molecular weight of 39.5 kDa, 
however the purified ZipA ran at ~54 kDa.  
ZipA has been previously reported to migrate to a higher molecular weight than expected 
when solubilised in Triton-X100 (Hale, Rhee and de Boer, 2000), and ZipA in whole cell samples 
runs at the same size (figure 6.6), therefore this aberration in SDS-PAGE predicted molecular 
weight is presumably due to the protein itself and unrelated to its purification in SMALPs.  
The eluted ZipA from the Ni-NTA purification was concentrated and analysed by using size 
exclusion chromatography (SEC). Elution of protein was monitored by absorbance at 280 nm 
(figure 6.7a), and aliquots of the 0.5 mL elution fractions collected were analysed by SDS-PAGE 
(figure 6.7b).  ZipA-SMALPs eluted between 7.5 and 12.5 mL, corresponding to molecular 
weights between 1000 to 230 kDa using the column calibration curve (supplementary figure 
8.1). 
When the elution profile of ZipA-SMALPs is overlaid with the elution profile of DMPC-SMALPs 
(figure 6.7a), it shows that ZipA-SMALPs elute earlier from the column than DMPC-SMALPs, 
and that these two profiles do not overlap by more than 2 mL. This suggests than in ZipA-
SMALPs the SMA/lipid component is likely to have a molecular weight close to that of DMPC 
SMALPs, and the increased molecular weight is due to additional ZipA protein within the disc. 
To investigate the quaternary structure of ZipA within the SMALPs, the elution fractions were 
analysed by BN-PAGE. When analysed by SDS-PAGE (figure 6.7b), single bands at ~54 kDa 




































Figure 6.7 Size exclusion chromatography (SEC) of SMA solubilised ZipA. Elution 
fractions from Ni-NTA purification were pooled and injected onto a Superdex 200 
Increase 10/300 GL column. The column was run at 0.5 mL/min for 30 mL collecting 0.5 
mL fractions. (A) SEC elution profile. Elution of protein from the column was monitored 
by absorbance at 280 nm. The elution profile of DMPC-SMALPs is overlaid for 
comparison. (B) SDS-PAGE of elution profile. Elution fractions at the given volumes were 
analysed by electrophoresis on an 18% SDS-PAGE gel and protein bands visualised by 










When the same fractions were analysed by BN-PAGE bands at multiple molecular weights 
were seen, suggesting the presence of multiple oligomerisation states within the SMALPs 
(figure 6.8). The lowest molecular weight bands, eluting at 12.5 mL, migrate to approximately 
40 kDa, 80 kDa and 200 kDa. 
However, the staining of Native-PAGE produces diffuse bands which are often overlapping 
making accurate size analysis difficult, therefore analysis by AUC would provide more detailed 




Figure 6.8 Blue Native-PAGE ZipA-SMALPs. SEC elution fractions at the given volumes 
were analysed by BN-PAGE on a 4-16% Bis-Tris gel and protein bands visualised by 










The 12.5 mL SEC elution fraction chosen for AUC analysis as this fraction clearly contained 
three populations on the BN-PAGE. The sample was diluted at a 1:1 ratio with either H2O or 
D2O and analysed by AUC at a rotor speed of 30,000 rpm, measuring absorbance at 280 nm. 
The sedimentation distribution for deuterated and non-deuterated DMPC-SMALPs are shown 
in figure 6.9. For both samples, three peaks were seen along the sedimentation distribution, 
with the middle peak having the largest intensity. This major peak showed a shift from a 




Figure 6.9 Differential sedimentation of ZipA-SMALPs. ZipA-SMALPs were prepared in 
either 50% deuterated solvent (D20) or non-deuterated solvent (H20). A sedimentation 
velocity experiment was performed at 20°C, 40,000 rpm, monitoring the samples by 
absorbance at 280 nm. Data was analysed in SEDFIT (Schuck, 2000) applying the 
























The calculated 𝑠 values were then used to calculate the partial specific volume of ZipA-SMALPs 
using equation 6.7. The 𝜅 value for the ZipA-SMALPs was calculated by determining the 
number of labile hydrogens in ZipA and SMALPs. The 𝜅 value for ZipA is 1.016 while the 𝜅 for 
SMALPs is 1.004 therefore 1.016 was used as it will encompass the exchange by ZipA and the 
disc itself. The partial specific volume of ZipA-SMALPs was calculated to be 0.743.  The values 
for	𝜌 and 𝜂 were found using SEDNTERP, correcting for the increase of density and viscosity 
by the addition of deuterium. The frictional ratio 𝑓/𝑓# was calculated by SEDFIT during data 
analysis, by allowing the program to fit the most likely 𝑓/𝑓#. The calculated values are outlined 
in table 6.3.   
 
 
The parameters for the H2O samples in table 6.3 and the calculated partial specific volume 
could then be used to calculate the mass of the particle using equation 6.8. The first, second 
and third peaks were calculated to be 75,000 Da, 125,000 Da and 220,000 Da respectively. 
Previous results with ZipA monomers in SMALPs found that monomers have a sedimentation 
coefficient around 4 S and that this equated to a molecular weight of 70 kDa with SMA and 
𝜅 𝜌% 𝜌$ 𝜂% 𝜂$ 𝑠% 𝑠$ 𝑓/𝑓# 
1.016 1.000814 1.0535 0.9243 1.0096 5.21 4.34 1.80 
Table 6.3 Parameters for the estimation of ZipA-SMALP partial specific volume. ?̅?, 𝜂, 𝑆, 
and 𝜌 represent partial specific volume, buffer viscosity, sedimentation coefficient, and 
buffer density respectively. Subscript D denotes D2O samples and subscript H denotes H2O 







lipid contributing ~30 kDa to the molecular weight of the disc (Lee et al., 2016).  Combining 
this information, it allows the prediction of all the oligomeric states of ZipA in this sample from 
the AUC analysis. The first peak, predicted to be 75 kDa, can be assigned as monomeric ZipA 
with 35 kDa molecular weight resulting from the SMALP disc. The second peak was predicted 
to be 125 kDa, an increased molecular weight of 50 kDa from the monomer and therefore 
most likely to result from the addition of another ZipA protein to form a dimer. Finally, the 
third peak was predicted to be ~220 kDa, an increase of 95 kDa from the dimer. This would 
suggest an additional ZipA dimer in the disc, whether as a tetramer or as two separate dimers 
within the same disc. These results agree with the BN-PAGE analysis, which for this elution 
fraction had bands migrating to 40 kDa, 80 kDa and 200 kDa. As SMALPs migrate to a molecular 
weight consistent with the protein molecular weight, with no additional weight from the 
SMALP disc (Pollock et al., 2019), this would also suggest the presence of ZipA monomers, 
dimers and tetramers/two dimers.   
 
6.5 Analytical Ultracentrifugation of FtsBL-SMALPs 
The previous section demonstrated that when analysing ZipA-SMALPs, the partial specific 
volume of the sample matches that of the partial specific volume of the protein when 
calculated from the protein sequence. Therefore, this technique was applied to FtsBL-SMALPs 
to measure the molecular weight of the multiple oligomers purified by size exclusion 
chromatography. Three samples were chosen, which were the elution fractions at 13 mL, 14.5 








Figure 6.10 Analytical ultracentrifugation of FtsBL-SMALPs. (A) BN-PAGE of the 
FtsB/FtsL subcomplex. Elution fractions from Ni-NTA purification were pooled and 
injected onto a Superdex 200 Increase 10/300 GL column. The column was run at 0.5 
mL/min for 25 mL, collecting 0.5 mL fractions. Elution was followed at 280 nm for 
detection of protein. Elution fractions at the given volumes were analysed by BN-PAGE 
electrophoresis on a 4-16% Bis-Tris gel and protein bands visualised by Coomassie 
staining. The highlighted fractions were analysed by AUC. (B) A sedimentation velocity 
experiment was performed at 20°C, 30,000 rpm, monitoring the sample by absorbance 



























By BN-PAGE these fractions appeared to contain bands migrating to 120 kDa, 60 kDa and 30 
kDa respectively. The samples were analysed by AUC at a rotor speed of 30,000 rpm, 
measuring absorbance at 280 nm. The sedimentation distributions for the FtsBL-SMALPs in 
figure 6.10b. Each distribution had only one major peak, confirming that each elution fraction 
had contained only one population of FtsBL-SMALPs. 
The partial specific volume for FtsB alone, calculated by its protein sequence with SEDNTERP 
was 0.734, and for FtsL it was 0.748 therefore 0.74 was used as the partial specific volume. 
Using the sedimentation distributions, the molecular weight was calculated for each of the 
samples, outlined in table 6.4. 
 
 
The sample eluting at 16 mL was predicted to be dimeric FtsBL as it migrated to 30 kDa by 
BN-PAGE. By AUC this sample was calculated to be 61.4 kDa, which is in agreement with the 
finding that SMALPs contribute around 30 kDa to protein molecular weight estimates. 
Similarly, the elution volume at 14.5 mL contained a protein complex migrating to 60 kDa in 
BN-PAGE, an additional 30 kDa compared to the 13 mL elution and therefore predicted to be 
the presence of a tetramer or two dimers. This sample was calculated to be 84 kDa by AUC, 
an increase of 22 kDa compared to the 13 mL sample. As FtsB and FtsL are 11 kDa and 13 
Elution volume (mL) Predicted molecular 







16 30 4.59 61.4 
14.5 60 5.65 83.8 
13 120 7.31 123.1 






kDa respectively, this is also likely to be the addition of a dimer to the SMALP. These 
calculations therefore demonstrate that AUC can be used to accurately measure the 
molecular weight of protein complexes within SMALPs, and that BN-PAGE is a useful tool for 
validating these calculations. 
 
6.6 Discussion 
The aim of this chapter was to use differential sedimentation to characterise a range of SMALP 
samples by analytical ultracentrifugation. To first test the method of differential 
sedimentation on a well-defined protein, commercial BSA was used as a model. The low cost 
and high availability of the material also allow analysis to be performed at high concentrations 
with multiple repeats to ensure results were reproducible. BSA is a 66.4 kDa water soluble 
protein which is known to dimerise in solution, with a monomer to dimer ratio of around 6 at 
concentrations below 10 mg/mL (Molodenskiy et al., 2017). The sedimentation coefficient 
profile of BSA reflected this, displaying two well defined peaks with the lower molecular 
weight peak having a relative height of around 6 times the higher molecular weight peak. The 
first and second peak were therefore assigned as monomer and dimer respectively. In order 
to calculate the partial specific volume (?̅?) of BSA, samples were sedimented in both non-
deuterated and deuterated solvent, and the resulting sedimentation coefficients compared. 
BSA peaks showed a significant reduction in sedimentation coefficient in deuterated solvent 
compared to non-deuterated solvent. The equation of Martin, Cook and Winkler (1956) could 
then be applied to calculate ?̅?. To adjust for the additional weight of samples in deuterated 






protein sequence and predicting the molecular weight increase of exchange at these 
positions. These calculations were made assuming 100% H-D exchange, as predicting the rate 
of exchange was not possible. Protein folding will affect accessibility of hydrogens for 
exchange (Li and Woodward, 1999), and intramolecular hydrogen bonding will also slow 
exchange rates (Bai et al., 1995), thus H-D exchange may not be 100%. To allow an H-D 
exchange rate as close to 100% as possible, samples were diluted into D2O and allowed to 
equilibrate for at least 16 hours. H2O18 offers a solution to the difficulties of calculating 𝜅 
values as it provides the same density contrast as D2O but no exchange takes place. The use 
of H2O18 was successfully applied to ?̅? determination by differential sedimentation by (Brown 
et al., 2011), however the cost of H2O18 prohibited its use in these experiments.  
By the above methods, the ?̅? for BSA was calculated to be 0.73, in agreement with the 
published ?̅? for BSA of 0.733 (Oncley, Scatchard and Brown, 1947), obtained by classical 
density methods. This figure was then used to estimate the molecular weights of monomer 
and dimer peaks, predicting weights of 65 kDa and 120 kDa. For both peaks this method 
predicted molecular weight within a 2% error. These results demonstrate that differential 
sedimentation provides a methodology for calculating partial specific volume using small 
sample volumes and low protein concentration.  
To simplify the analysis of SMALPs containing proteins, lipid only SMALPs were assessed first. 
DMPC lipid vesicles were solubilised with SMA and DMPC-SMALPs purified from excess 
polymer and lipid.  These SMALPs were then analysed by AUC in deuterated and non-
deuterated solvent. Just as in the BSA samples, deuterated solvent resulted in a decrease in 






value for DMPC-SMALPs, the separate 𝜅 values for DMPC and SMA were first found. As DMPC 
does not have any labile hydrogens and SMA has a 𝜅 of 1.003, the value of 1 was used, 
assuming that DMPC makes up most of the molecular weight of the SMALP. The ?̅? for DMPC-
SMALPs was calculated to be 0.857. In a similar technique where lipid bilayers are stabilised 
in a disc by membrane scaffold proteins, discs are also ~12 nm and were found to have a 
partial specific volume of 0.89 (Inagaki, Ghirlando and Grisshammer, 2013). Using this value 
of ?̅?, DMPC-SMALPs were estimated to be 135 kDa, in agreement with their predicted weight 
from the SEC elution. Structural analysis of DMPC SMALPs by Jamshad, Grimard, et al. (2015) 
found that disc on average contained around 140 DMPC molecules per disc, which would 
equate to 95 kDa of the disc weight. The additional molecular weight of SMA can then be 
considered, which with an Mn of 7 kDa would be around 5-6 SMA polymers per disc, a value 
in line with the current estimates of 3-10 SMA per disc (Timothy Dafforn, personal 
communication).  These results demonstrate that differential sedimentation can be used to 
calculate the partial specific volume of lipid only discs, and this value can be used to accurately 
predict SMALP molecular weight.  
These methods were then applied to SMALP discs containing protein. The divisomal protein 
ZipA was chosen for this work as it has been previously purified in SMA and there is a range 
of literature on its structure and lipid environment within SMALPs (Lee et al., 2016; Teo et al., 
2019). ZipA was overexpressed in E. coli and successfully solubilised from membranes using 
SMA. Purification using the C-terminal His-Tag resulted in samples with high purity, migrating 
as a single protein band in SDS-PAGE. For improved purity and separation by molecular weight, 






appeared as single bands along the elution profile. However, when the same samples were 
analysed by Native-PAGE, a non-denaturing, non-reducing electrophoresis method, protein 
bands at multiple molecular weights were seen across the elution profile. This demonstrated 
that while the samples are pure ZipA, these samples contain multiple different assemblies of 
this protein. While these results also allowed rudimentary analysis of molecular weight, 
suggesting MWs of 90 kDa, 180 kDa and 360 kDa, these bands were diffuse and difficult to 
accurately measure. Previously published molecular weight estimation by Native-PAGE for 
protein-SMALPs reported errors of up to 22% (Pollock et al., 2019), and considering that ZipA 
has been shown to run erroneously under electrophoresis (Hale, Rhee and de Boer, 2000), 
AUC was applied to these samples to verify these predicted molecular weights. 
ZipA samples from along the elution peak were then pooled and analysed by AUC, in both 
deuterated and non-deuterated solvent. Sedimentation analysis resulted in three 
sedimentation peaks, at 3.55 S, 5.21 S and 7.62 S, with the second peak representing the 
highest proportion of sample. By comparing the s value of the second peak in deuterated and 
non-deuterated solvent, a partial specific volume of 0.743 was calculated for ZipA-SMALPs. 
Using this value, the molecular weight for the three peaks was calculated to be 75,000 Da, 
125,000 Da and 220,000 Da respectively. This result was surprising, as when the SEC elution 
traces of DMPC-SMALPs and ZipA-SMALPs were overlaid, it appeared that ZipA-SMALPs eluted 
at an earlier volume than DMPC-SMALPs, indicating they had a higher molecular weight, 
however the smallest ZipA peak had been calculated to be ~60 kDa smaller than the DMPC 
discs. However, the ZipA samples has sedimented at a higher s value than DMPC discs, thus 






molecular weight value for ZipA. Interestingly, the ?̅? for ZipA calculated by its protein 
sequence with SEDNTERP is 0.731, a value very close to that of the ?̅? calculated by differential 
sedimentation. This suggested these results may be due to the specific volume of the lipids 
becoming disregarded. 
To further investigate this, it was important to calculate the partial specific volumes of the 
lipids within each sample. However, the partial specific volumes of many lipids are not 
available. Instead the method of Koenig and Gawrisch (2005) was used, which allows the 
prediction of lipid specific volume from the sum of the volumes of its CH, CH2 and CH3 group 
and a constant volume for the polar head region. Using this method, DMPC was calculated to 
have a ?̅? of 0.97, in line with published values (Petrache, Tristram-Nagle and Nagle, 1998). For 
ZipA-SMALPs, published lipidomic data was used to assess lipid content of discs obtained by 
solubilising E. coli membranes. Teo et al. (2019) analysed the lipid content of ZipA-SMALPs 
and found that 70% of the lipids in the disc were phosphatidylethanolamines (PE), with the 
most common species being PE(32:1), PE(33:1), PE(34:1).  The remaining lipid was found to be 
20% phosphatidylglycerol (PG), particularly PG(32:1) and PG (34:1) and 10% cardiolipin. Using 
the methods of Koenig and Gawrisch (2005), the partial specific volume of these lipids was 
found to be 1.005 on average for the PE species and 0.998 for PG species. Considering that 
𝑀 =	 +,-
('&/01) 
 (equation 6.8), for DMPC in non-deuterated buffer (1-?̅?𝜌) ≈ 0.07 and therefore 
DMPC will increase the mass estimate of the disc. However, for E. coli lipids (1-?̅?𝜌) approaches 
zero or becomes negative. This means that when using E. coli lipids, the lipids either do not 
affect the mass estimate and therefore are effectively “invisible”, or they reduce mass 






was calculated to be 0.743, as at the buffer density used the only effective partial specific 
volumes are that from ZipA (?̅?=0.731 by SEDNTERP) and a small proportion from SMA 
(?̅?=0.847). To further investigate this difference between lipid-only and protein SMALPs, it 
would be useful to conduct further experiments of lipid only SMALPs containing a range of 
lipids, for example, SMALP-solubilised E. coli lipids.  
Previous AUC analysis of ZipA-SMALPs similarly found that ZipA monomers sedimenting ~4 S 
were calculated to an apparent molecular weight of 70 kDa (Lee et al., 2016), which translates 
to a 40 kDa protein with an additional 30 kDa from another component. Considering that, it 
would follow that in the case of ZipA-SMALPs, only the protein and SMA weight is measured, 
while lipid does not contribute to molecular weight estimations. Therefore, the molecular 
weight estimates of 75,000 Da, 125,000 Da and 220,000 Da would represent ZipA monomers, 
dimers and tetramers/two dimers respectively. By this method it is not possible to 
differentiate between multiple monomers or oligomeric states, but as ZipA has previously 
been reported to dimerise (Skoog and Daley, 2012) and molecular weight estimates did not 
find any evidence for a situation with 3 ZipA proteins within a disc, it is most likely that these 
proteins have dimerised. In the case of the 220 kDa disc, this could be either two dimers in 
the same disc, or a tetramer. Tetrameric ZipA has not been reported and there is no evidence 
of binding interfaces for a tetrameric association, however the data is inconclusive.  
Finally, these methods were applied to FtsB/FtsL-SMALPs. BN-PAGE analysis of the SEC elution 
fractions had predicted the presence of dimers and tetramers, and this was corroborated by 
AUC analysis. These results are in line with the predictions made by Villanelo et al. (2011). 






therefore these results demonstrate that SMALP solubilisation allowed for the purification of 
a range of quaternary structures which are not found when the periplasmic regions are 



























“Le rêve d’une bactérie doit devenir deux bactréries” 
(The dream of a bacterium is to become two bacteria) 
François Jacob, 1965 
 
The proteins of the E. coli divisome are essential for bacterial viability, and have attracted 
increasing interest as potential targets for new antibiotics. While some divisomal proteins 
such as FtsZ have been studied in great detail, the structure and function of many of the 
components are yet to be fully elucidated. The FtsB/FtsL/FtsQ complex has been postulated 
to perform a central role in modulating the onset of constriction, inhibiting the activity of PBPs 
until the rise in FtsN levels signals the completion of divisome assembly, however very little is 
known about the structure and activity of the complex. A major hurdle faced by previous 
studies of this complex has been the solubilisation of FtsB/FtsL/FtsQ from the E. coli 
membrane. The development of the use of styrene-maleic acid (SMA) as a solubilisation 
technique over the past decade offers an alternative strategy for the solubilisation of the 
FtsB/FtsL/FtsQ complex. The aim of this study was to investigate the potential utility of SMA 
in the characterisation of this complex, and the following sections are a summary of the key 
findings. 
 
7.1 Styrene-maleic acid successfully solubilised the components of the FtsBLQ 
subcomplex  
Chapter 3 investigated the use of SMA to solubilise the individual components of the 






of the components in isolation would simplify data analysis, and allow for the complex to be 
pieced together in a well-defined manner. After cloning and expression trials, each of the 
three proteins was successfully solubilised from the E. coli membrane using SMA. Significant 
challenges were faced in purifying the target SMALPs away from contaminants, as the 
presence of the SMALP disc appeared to interfere with the efficient binding of the His-Tag of 
each protein to Ni-NTA resin. This limited the amount of protein yielded from each 
purification. It was predicted that this may be due to the short length of the protein compared 
to the large volume of the SMALP disc, therefore future studies may benefit from employing 
linkers to increase the distance of the affinity tag from the disc. Despite these challenges, this 
chapter demonstrated the first use of SMA to solubilise full-length FtsB/FtsL/FtsQ, and 
additionally identified a possible binding partner, CGG synthase, that has not been previously 
identified. 
 
7.2 Full-length components of the FtsBLQ complex were characterised in 
SMALPs  
Chapter 4 focused on the characterisation of the individual FtsB, FtsL, and FtsQ proteins in 
SMALPs. Circular dichroism analysis demonstrated that these proteins are folded within 
SMALPs, and that they demonstrate improved thermal stability compared to other 
solubilisation methods. Due to the aforementioned difficulties in purifying high yields of 
protein, the range of techniques available for further characterisation were limited. However, 






amount of sample, and has recently been shown to be compatible with SMALPs. This method 
was applied to FtsB-, FtsL- and FtsQ-SMALPs and results showed that multiple quaternary 
structures for each protein could be identified. These findings give clarity to the debate 
surrounding whether FtsB, FtsL and FtsQ self-associate, and do so in the context of the 
proteins surrounded by the native lipid environment.  It was also shown that the lipids 
surrounding FtsB within SMALPs can be successfully extracted and analysed by thin layer 
chromatography. To date, no studies have been conducted on the specific lipid environment 
of the FtsB/FtsL/FtsQ complex despite evidence that divisomal proteins can display specific 
lipid preferences. Therefore, future studies could build off of the SMALP mass-spectroscopy 
work of Teo et al. (2019) to further develop this technique and fully assess the lipid 
composition of FtsB/FtsL/FtsQ SMALPs.  
 
7.3 The FtsBL subcomplex within SMALPs was determined to be tetrameric  
The aim of chapter 5 was to investigate whether SMA can also solubilise hetero-complexes. 
These experiments focused on the FtsB/FtsL subcomplex, as these proteins have been shown 
to associate in the absence of FtsQ. SMA successfully solubilised co-expressed FtsB and FtsL, 
and further analysis demonstrated that these proteins co-purified. Using native-PAGE, the 
quaternary structure of the FtsB/FtsL complexes were investigated, which suggested the 
presence of an FtsB/FtsL tetramer. Whether these proteins form a tetrameric structure had 
been debated in the literature, therefore these techniques added to the data supporting a 2:2 
oligomerisation state. Further structural analysis was attempted using small angle X-ray 






refinement of a low resolution model unattainable. Due to time limitations of the project, the 
FtsB/FtsL/FtsQ complex was not characterised, however, the technique presented here 
outlines a framework for studying complexes within SMALPs, and therefore this could be 
extended to the FtsB/FtsL/FtsQ complex in future work.  
 
7.4 The partial specific volume of SMALPs was successfully determined using 
differential sedimentation  
Finally, chapter 6 focussed on the application of analytical ultracentrifugation as technique for 
the determination of SMALP molecular weight. To date, there have been no in-depth studies 
of SMALPs by AUC, and there has been no published figure for the partial specific volume of 
SMALPs. Differential sedimentation was applied to a range of samples, and this allowed for 
the determination of a partial specific volume for lipid-only SMALPs. The analysis of SMA-
solubilised proteins was more complex, and the partial specific volume was significantly 
different to that of lipid-only SMALPs, suggesting that the lipid disc is not the main factor in 
the sedimentation of these samples. However, this initial study has added a significant amount 
of data to the current knowledge surrounding SMALPs and AUC, and future studies can apply 
these methods to a wider range of samples for a more accurate picture of how to analyse 








In conclusion, this study has shown that SMA allows for the solubilisation of membrane 
proteins that are full-length, supported by the local lipid environment and does not require 
the use of any detergents. This has been demonstrated to improve the thermal stability of the 
proteins and produces a wide range of quaternary structures within the SMALP disc. However, 
SMA solubilisation adds an extra layer of complexity to protein purification and downstream 
analysis. The presence of an approximately 135 kDa disc of lipid and polymer, which has been 
shown to be rapidly exchange lipid with the aqueous environment, has implications for 
structural studies, especially when considering low molecular weight proteins that are a 
fraction of the size of the disc. Therefore, further work to define the assembly and structure 






























































Figure 8.1 Superdex® 200 Increase 10/300 Calibration Curve. 
A commercial protein standard mix was injected onto a Superdex 200 Increase 10/300 GL 
column. The column was run at 0.5 mL/min for 25 mL and the elution of protein from the 
column was monitored by absorbance at 280nm. 1 mg/mL bovine serum albumin and 1 
mg/mL green fluorescent were similarly analysed. Each sample was individually prepared 
and analysed three times, and the results were plotted on a scatter graph using Microsoft 
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